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Chapter I
OVERVIEW

Our work has continued to progress in several areas. We 1ist here the

topics that comprise the majority of our efforts.

1. Si-Metal Contacts: We have investigated a number of transition metals
(Ni, Pd, Pt, Ag) on Si to determine both the abruptness of the inter-
face and the nature of the chemical bonding between Si and the metal.
We have also examined in some detail the removal of the surface states
on a cleaved Si surface by oxygen, cesium, and transition metals.
These studies have advanced our understanding of the mechanism of
Schottky barrier formation on Si.

2. Laser Enhanced Oxidation of GaAs (110)y We have demonstrated an in-
crease in the oxygen sticking probabil{ity on the GaAs (110) surface by
exposure to low-intensity (g3w/cm2) laser radiation. We believe this
enhancement is due to an increase in the density of free electrons at
or near the surface.

3. Oxygen Chemisorption on GaAs (110); New valence band measurements,
sensitive to very low (<0.00] monoiayer) oxygen on GaAs (110) consists
of an oxygen bonded to a surface As in addition to an oxygen bridging
between that As and a next nearest Ga.

4. Interface Between GaAs-Cs, 0, and Vacuum in NEA Photocathodes: We have
completed work which gives fundamental insight fnto the GaAs-Cs-0 inter-
face region and opens new possibilities for reducing the threshold of
response (by using 3-5 semiconductor alloys) of negative electron af-
{initz photocathodes, as well as making stable cathodes at lower wave-

engths.

5. Interaction of Oxygen with Si (111)3 We have investigated the oxygen
adsorption properties on both the Si surface cleaved at room tempera-
ture (which exhibits a 2 x 1 reconstruction) and the annealed surface
(7 x 7 reconstruction). Our results have shown unambiguous support
for the defect type model of the 7 x 7 surface.

6. Adsorption of Column IIl and V Elements on GaAs;. We have found that

the column 111 elements studied (Ga and AT} appedr to form a metallic
bond to the surface, thus forming two-dimensional “rafts" randomly
oriented on the GaAs surface. In contrast, the column V element (Sb)
gives evidence of a directional bond, resulting in an ordered overlayer.




Chapter II
SUMMARY OF SELECTED TOPICS

Brief summaries of the aforementioned topics (1) and (4) are included
here; summaries of the other topics will be found in the previous and up-
coming reports of this contract year. More detailed accounts of our work
in these areas appear in the appendices of this report, as well as the
appendices of previous and upcoming reports. Further information will be
found in our proposal for the renewal of Contract No. NO0014-79-C-0072
for the period T October 1981 to 30 September 1982.

A. Si-Metal Contacts

One area of extreme importance is to understand on a microscopic scale
the Si/transition metal interface regarding: (a) the abruptness of the
interface; (b) the nature of the chemical bonding between Si and the tran-
sition metal; and (c) the effect of oxide layers and other impurities. We
have made considerable progress on the problems listed under (a) and (b).

We have, in particular, studied thé Pd/Si (111) interface in great de-
tail from metal coverages of 0.5 to 23 monolayers. We enclose as Appendix
E a reprint of a paper presented at the PCSI-8 conference and published in
J. Vac. Sci. Tech. Of particular importance is that a nearly stoichiometric
Pd,Si compound is formed at room temperature at monolayer coverages (ele-
vated temperatures are required to form the bulk silicide). However, a
close examination of the interface on a microscopic scale reveals that
there is a concentration gradient across the interface and the Si/PdpS{
interface is not atomically abrupt. This problem has been addressed earlier

by ourselves and a number of other groups, but it is just during the last

year that we have achieved a more detailed understanding of the Pd/Si (111)
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interface on a microscopic scale (Appendix E). Our recent work shows that
the graded interface extends for several atomic layers between Si and Pd,Si.
The abruptness of the interface is comparable to that for Pt/Si (111) but is
less pronounced than for the Ni/Si (111} and Cu/Si (111) interfaces (and, of
course, the Ag/Si (111) interface--see below).

We have also established a detailed understanding of the chemical bond-
ing between Pd and the Si substrate (see Appendic C, which is a reprint of a
paper published in Solid State Comm.). By exploiting the Cooper minimum
technique (which we have developed), we have been able to determine the
orbital character (s, p, or d) of the electronic levels involved in the
interface bonding. The photoemission spectra of the valence band have
characteristic features which can be identified with the breaking of the
tetrahedral coordination in Si. This has been used as a marker to follow
the interaction between Pd and Si. Further detailed changes in the valence
band show how the bonding is changing and evolving across the interface from
. the Si substrate via the Pd/Si intermixed region to the PdpSi bulk compound.
It is noteworthy that the Pd 4d band, which intersects the Fermi level with
a high density of states in the pure metal, is pulled down about 2 eV below
the Fermi level in Pd/Si, rendering a noble metal resemblance to the spectra.
However, the Si 2p core level spectra show that the charge transfer between
Si and Pd is very small and the observed change can thus not be explained
as a simple charge transfer from Si to Pd, which would result in a filled
4d band. Instead, we now believe that Si acts as a very strong "scatterer"
and changes the sp to d hybridization in the Pd metal.

Finally, we want to point out that Ag/Si (111) is by far the most abrupt

interface we have studied so far. However, all existing models are based on

epitaxial growth of Ag on St without any Ag-Si interaction (bonding). Our
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photoemission data clearly show that there is a fairly strong Ag-Si inter-
action leading to a breaking of the tetrahedral coordination in Si. The
differences in the intermixed region in metal/Si interfaces is thus at most
a quantitative, with increasing intermixing going from Ag/Si, Cu/Si, Ni/Si,
PdSi to Au/Si. This observation may have some important implications for
device fabrication. A thin metal layer (about one monolayer) of Ag followed
by, for instance, Pd deposition may insure an extremely abrupt interface in

addition to a stable PdpSi silicide.

B. Interface Between GaAs-Cs, 0, and Vacuum in NEA Photocathodes

An important result of a DARPA program started approximately a decade
ago is the GaAs negative affinity photocathode for third generation night
vision goggles. These have been proven to be superior to the standard
second generation goggles (S-20 cathodes), have undergaone considerable
field testing, and are now approaching a relatively large scale production
phase.

These cathodes re unique in that they are the first (in 50 years) to

have been scientifically engineered (to a large extent) rather than to have
been developed almost entirely by empirical trial-and-error methods. In
fact, the region between the GaAs and the vacuum which gives the negative
electron affinity was not understood on anything approaching a basic level,
although conflicting models had been proposed to explain it.

This year we have completed work which gives fundamental insight into
the interface region and opens new possibilities for reducing the threshold
of response (by using 3-5 semiconductor alloys) and making stable cathodes
at lower wavelengths. In addition, and perhaps more importantly, it may
lead to more efficient processing of the existing GaAs cathode. This could

lead to increased yield (with cost reductions) and improved performance.
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The first finding was that, with a monolayer of Cs coverage, the stick~
ing coefficient of oxygen on GaAs (110) is increased by about a factor of 109
(a biliion). Further, the oxygen does not combine chemically with the Cs but
bonds first to the As (chemisorption) and then to the Ga of the GaAs. Not
being sure whether this phenomenon took place in the activation of practical
cathodes, we adopted the activation process used for practical cathodes and
measured sensitivity in uA/lumen so that our results could be compared with
the practical results. The earlier results were confirmed in this recent
work.

The breakthrough lies in recognizing: (1) that a GaAs-oxygen layer lies
between the surface oxygen-Cs layer (a possibility overlooked in all previous
models); (2) that it is this layer which forms the harmful heterojunction
barrier which lies between the GaAs and 0-Cs; (3) that present processing
technology does not consider the build-up of this layer (or try to minimize
it); and (4) if (based qn our new knowledge) alternate activation techniques

could be developed, this harmful barrier might be reduced or minimized.
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TO7X7* ’

C.Y.SU,PR. SKEATH, I. LINDAU and W.E. SPICER **
Electrical Engineering Depertment, Stenford University, Stanford, California 94305, USA

wrrare e A g * g prz

Received 9 February 1981

Room temperature adsorption of oxygen on 2 X 1 and 7 X 7 reconstructed Si(111) surfaces
is shown by core level shift and sticking coeffcients to proceed differently, indicating strongly
different nature of the two reconstructions and supporting the defect type models for the
7 X 7 reconstruction.

We report experimental evidence showing clear difference between the oxygen

' adsorption properties of the 2 X 1 and 7 X 7 surfaces. The significance of this new

finding is twofold: (i) it provides new information that strongly supports the

’ “defect” type models for the 7 X 7 structure; (ii) it demonstrates the importance of

) surface reconstructions in affecting the oxygen adsorption processes, which has not
been recognized in the past.

Cleaved Si(111) surface has a 2 X 1 reconstruction, it transforms to a 7X7

| reconstruction when subséquently heated to ~400°C [1]. The nature of the 2 X 1

f to 7 X 7 transformation is pivotal to understanding the critical problem of surface

. reconstructions of covalent semiconductors. The 2 X 1 reconstruction is generally

= R accepted as rows of surface atoms being electronicaily driven to alternately raise

} and lower [2]. The 7 X 7 reconstruction, however, has been explained on the bases ;

of two radically different classes of models. They represent fundamentally different

ways a covalent semiconductor surface adjusting itself to reach the most stable

structure when the necessary activation energy for transformation is supplied (by

- heating in this case). In one class of models, the surface is electronically driven to

adjust within a small perturbation of a smooth plane (which is defined by the con-

straints of the bulk crystalline structure). We will call this “weak perturbation”

] class of models [3]. In the other class, the surface atoms migrate 2 significant num-

[

ber of lattice sites to create “defects” in a smooth surface. This class we will term

* Work supported by DARPA (Contract No. DAAK02-74-C0069).
*¢ Stanford Asherman Professor of Engineering.

0039-6028/81/0000~0000/$ 02.50 © North-Holland Publishing Company T
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as “‘defect” models [4]. To claim full knowledge of the bonding in covalent semi-
conductors, one should be able to choose between these two drastically different
types of surface reconstructions. However, this old problem is still unresolved and
- quite alive, as exemplified by two recent Physical Review Letters each putting
v forward a specific model within an opposite class of models (Chadi et al. (5] and .
i Phillips [6]). .
Clearly, experimental input is critical to resolving this issue. Determination of
f the exact positions of atoms in the 7 X 7 structure through LEED techniques is not
a feasible task because of the great complexity of this structure. In the mid-seven-
b b‘ ties, gas adsorption experiments involving hydrogen [7] and chiorine [8] have pro-
vided a simple test to distinguish the two types of reconstruction theory. There

preservation of the 7 X7 structure, as opposed to the destruction of the 2 X 1
structure, upon hydrogen [7] and chlorine {8] adsorption strongly supports the
“defect” type models. Employing gas adsorption experiments to distinguish recon-
struction models is a particularly viable approach here because the 2 X 1 structure
can be taken as a “known reference™ for the “weak perturbation” type surfaces in
considering adsorption behavior. In the present case, we have adopted the same
general approach with oxygen as the particular adsorbate. One advantage of the
present study is that the oxygen induced Si core level shifts can very sensitively
reveal differences in the final Si—O bonding complex, which, in turn, facilitate
more definite comparison between the adsorption properties of the 2 X1 and
7 X 7 surfaces. In early studies of hydrogenation or chlorination, differences or
similarities between the final Si~H or Si—C] bonding complex formed on the two
surfaces were less well determined. Perhaps such uncertainty is the reason that, as
can be seen from recent publications [5,6], H and Cl experiments did not settle the
: matter, thus making new experimental work imperative.
1 We have measured the valence spectra and the chemical shifts in Si-2p core level

upon oxygen adsorption. High energy resolution (0.35 eV) and surface sensitivity

were achieved in photoemission experiments by utilizing 130 eV synchrotron radia-

tion from the Stanford Synchrotron Radiation Laboratory (SSRL). Oxygen expo-

sures and photoemission measurements were performed in an ultra-high vacuum
. system with base pressure of 3~ 5 X 107! Torr. 2 X 1 surfaces were prepared by

cleaving in situ, and 7 X 7 surfaces were prepared by thermal conversion (>500°C

for >20 min) of in situ cleaved surfaces. Sharp 7 X 7 LEED patterns were observed

after such treatment. O-1s level was also measured with a Mg-Ka X-ray source.

Fig. I gives the valence band region spectra of a 7 X 7 surface exposed to 100 L

oxygen (curve (a), i.e. 107 Torr for 100 s), and a 2 X 1 surface first exposed to

1000 L oxygen (curve (b), 107 Torr for 1000 s) and then annealed at 350°C for

10 min (curve (¢)). The bottom curve is a spectrum of a clean surface, and is

plotted here to illustrate that the peak at ~3.2 eV binding energy (BE) is due to

substrate emission. The dominant feature due to oxygen adsorption is the peak at

6.8 eV BE. The relative height of the 6.8 eV peak to the 3.2 eV peak is thus a

measure of the oxgyen coverage. It is seen that oxygen coverages are equal within

e
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Fig. 1. The valence band region spectra of surfaces prepared in different ways: (3)a 7 X 7 sur-
face exposed to 100L Oz, (b) 2 2 X 1 surface exposed to 1000 L O, and then annealed at
350°C for 10 min (c). The bottom curve is the spectrum of a clean surface.

experimental error (£10%) in all three cases shown. This point was also established
by comparing O-1s intensities from each case, For 7 X 7 surfaces subjected to
increasing oxygen exposure from 100 L to as high as 10° L, no increase in oxygen
intensity was measured. Thus oxygen adsorption on the 7 X 7 surface reaches
“saturation”™ [9] at or below 100 L. Long experience with our cleaved 2 X 1 surface
has shown oxygen “saturation’ to occur at 1000 L [10,11]. (Here “saturation” is
not as sharp as for the 7 X 7, but is characterized by orders of magnitude drop in

. the rate of uptake.) Thus, the sticking coefficient is at least a factor of 10 higher

on the 7 X 7 surface. The results of equal oxygen coverage on the 2X 1and 7 X7
surfaces at “saturation” and the higher sticking coefficient on the 7 X 7 surface are
consistent with easlier results [9,12,13], and favor the “defect” model to some
extent. This is because the higher reactivity to oxygen of the 7 X 7 surface is not
expected to be explained by a structure very similar to the 2 X 1 reconstruction.
For all models in the defect class, we observe the presence of a significant number
of unsatisfied bonds near “‘defect” sites, which can easily explain the higher reac-
tivity.

Fig. 2 gives the Si-2p core level spectra of the corresponding surfaces of fig. 1.
Here we see at once large difference. Fig. 1a shows Si-2p core leve] of a 7 X 7 sur-
face before and after 100 L oxygen exposure. The broad oxygen-induced shift
contains several components, with the largest chemical shift being ~3.4 ¢V, and
thus indicates the existence of strongly inequivalent groups of surface atoms in the
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. Fig. 2. Si-2p core leve] spectra of the comresponding surfaces in fig. 1. Dashed curves are Si-2p

Ievel spectra for clean surfaces.
f clean 7 X 7 structure. In the models within the “defect class™ we can easily identify :
' such distinctly inequivalent groups, hence this finding is taken as strongly support- :

ing the “defect” type model. This finding is against the “weak perturbation” |
model, because in a structure close to the smooth plane no such inequivalent groups

, of atoms can be unambiguously identified; in particular, we cannot identify a . g
' special group of Si atoms that can easily achieve, at room temperature, high oxygen
' , coordination number, which is required by the presence of the 3.4 eV shift. The

above conclusions find further support by comparison with the 2 X1 surface
. (which we have taken as the known reference for the “weak perturbation” model).
. In fig. 2b, we observe that the maximum oxygen-induced chemical shift (1.4 eV)
on the 2 X 1 surface is clearly smaller than that of the 7 X 7 surface. Fig. 2¢ shows
that annealing transforms the chemical shift to higher value (2.5 eV). The chemical
shift of ~3.4 eV, however, is still not developed, in sharp constrast to the case of
the 7 X 7 surface where the 3.4 eV shift appeared readily after room temperature
adsorption. The substantial amount of ~3.4 eV shift observed on 7 X 7 surfaces
suggests bonding configuration more closely related to SiO; [14].

The lack of difference between valence spectra of the three surfaces (fig. 1) is in
clear contrast to the unambiguous difference seen between the Si-2p core level
spectra (fig. 2). This contrast demonstrates the superior sensitivity offered by
probing atomic levels localized on Si atoms in studying the Si—O system, as has
been suggested by Goddard et al. [15] on a theoretical ground. This result also \
illustrates why early UPS experiments [13] failed to detect differences between
oxygen adsorption properties of the 2 X 1 and 7 X 7 surfaces.




i~

C.Y. Su e1 al. [ Nature of 7 X 7 reconstruction of Si(111; L3s¢9

Table 1
Summary of the amount of Si atoms involved in bonding to oxygen on different surfaces
Surface Treatment Percent of Number of Si bonded to O
shifted Si-2p (in monolayer)
2x1 10°L0, ~23 1
10° L O3 + anneal ~23 1
7x7 102L0, ~35 ~1.6

The relative amount of chemically affected Si atoms can be estimated from the
relative area under the chemically shifted peaks (fig. 2). The results, expressed as
percentage of the total Si-2p intensity, are summarized in table 1. Whereas oxygen
coverages are established to be equal on the two surfaces, the numbers of chemi-
cally affected Si atoms are clearly more on the 7 X 7 surface. An absolute number
of affected Si atoms can also be attempted: if we assume that the 23% shifted Si-2p
intensity in the case of 2 X } surfaces comes from a full surface layer, the escape
depth is calculated to be a reasonable value of 6.5 A {10];if only a half monolayer
is assumed, an unrealistic escape depth of 2.5 A is obtained. We therefore in prepar-
ing table 1 postulated the number of chemically affected Si atoms to be one mono-
layer for saturated oxygen adsorption on the 2 X 1 surface. In contrast, the same
quantity of adsorbed oxygen affects ~1.6 monolayer Si atoms on the 7 X 7 surface
(table 1). The number of ~1.6 monolayer clearly indicates that oxygen has moved
beneath the top layer of the 7 X 7 structure. This implies that the backbonds to
some surface atoms of this structure are easily broken by the attack of oxygen.
Such interpretation is consistent with the presence of the 3.4 eV shift. This oxygen
adsorption property should therefore be taken as one strong characteristic of the
7 X 7 structure, and, again, supports the defect models. In general, models within
the *“‘defect” class offer an open structure in which oxygen atoms can easlly be
incorporated into the second layer. For example, oxygen can reach the second layer
atoms through vacancies in Lander’s vacancy model, or oxygen can attack the
relatively exposed backbonds in the adatom structure of either Harrison’s adatom
mode] or the milk-stool model, or of the epitaxial bilayer at the microdomain edges
in Phillips’ model [6]. Here we recognize another advantage of the present tech-
nique: while early work measured only the number of adsorbed oxygen atoms, we
have also measured the number of chemically affected Si atoms, which is a neces-
sary ingredient for a full determination of the chemical composition of the chemi-
sorption phases.

We can summarize the differences between the oxygen adsorption properties of
the 2 X 1 and 7 X 7 surfaces as follows: (i) different oxygen sticking coefficient ~ it
is at Jeast one order of magnitude higher on the 7 X 7 surface. (ii) different bonding
configurations — as evidenced by the presence of different chemical shifts and the
involvement of unequal number of Si atoms at an about equal oxygen coverage.
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A critical implication of the above results is that, in future analyses of the oxy-
gen adsorption process, the role of surface reconstruction has to be included.
Although the present finding clearly invalidates the assignment of bonding configu- ‘
ration without distinguishing between the 2 X 1 and 7 X 7 surfaces [12,15,16,17], '
retention of the reconstructed structure in the final Si—O bonding configuration is
not implied. Hence it is possible that, in a more complete theoretical picture, the ®
influence of surface reconstruction on activation barriers of the adsorption process
must be taken into account.
It is hoped that the present finding has provided new input for future theoretical
and experimental investigations of the 7 X 7 structure. It may also be of importance
in developing better understanding of the growth mechanism of practical device
oxides, particularly as these oxides become thinner as necessary of very large scale
integration (VLSI).
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BONDING OF COLUMN 3 AND 5 ATOMS ON GaAs (110)*
Perry Skeath, C.Y. Su, . Lindau and W.E. Spicert
Stanford Electronics Laboratories, Stanford University, Stanford, CA 94305, U.S.A.

Experimental data, in strong disagreement with current theoretical work,
shows that the bonding of column 3 elements to GaAs (110) is mainly
nondirectional (metallic), with no significant change in GaAs surface
lattice reconstruction. Adsorbed Sb, however, is characterized by highly
directional bonding. Based on these conclusions, 2 model of the mechan-
ism of molecular beam epitaxy is presented.

AN UNDERSTANDING of the bonding of column 3 .
and S elements on the surface of 3—5 compounds is
important for at least two reasons: (1) the insight given
into the electronic structure and chemistry of the semi-
conductor surface and (2) knowledge of the growth
mechanism of these and other crystals. To date, the
major contributions have been theoretical [1-5]; how-
ever, past history establishes well the necessity of key
experimental input in such theoretical calculations. This
is due to the large number of possible starting models
(e.g. atomic position, nature of bonds, etc.) in such cal-
culations. The limited experimental studies of column 3
elements [4, 6] and 5 elements [6, 7] on GaAs (110)
have typically assumed the starting models taken by
theorists instead of providing fresh input or real tests of
the theoretical models. Here, we report the first major
experimental examination on an “atomic” scale of the
bonding of column 3 and 5 adatoms on a clean GaAs
(110) surface. Most importantly, comparison of theory
and our data shows the necessity for a fundamentally
different view of the metal—semiconductor bonding.
The GaAs (110) surface is probably the best charac-
terized and understood of all compound semiconductor
surfaces and, thus, was chosen for these experiments.
The experimental methods have been given in detail
previously [8]. Adatoms were evaporated carefully in
UHV 50 as not to heat the room-temperature GaAs
surface or to produce contaminants. Thickness was
obtained using a dosing technique with a Sloan thick-
ness monitor. Photoemission valence-band EDCs
(energy distribution curves) were taken using a CMA

* Supported by DARPA and ONR under Contract Nos.
NO0014-79-C-0072 and ONR N00014-75-C-0289. Part
of the work was performed at SSRL which is
supported by the NSF, DMR77-27489, in cooperation
with SLAC and DOE.

t Stanford Ascherman Professor of Engineering.

(cylindrical mirror analyzer), and LEED (low energy
electron diffraction) studies were done with standard
4-grid optics, including /- ¥ curves for Ga and Sb
overlayers. .

Experimentally, GaAs EDC structure in the upper
5 eV of the valence band have proved particularly sensi-
tive to surface conditions [9]. Theoretical calculations
based on models with specific bonding sites have pre-
dicted very strong changes in the valence-band structure
in this energy range [2—4]. Thus, a careful study of the
first S eV of the valence band is essential to any under-
standing of the bonding of column 3 or 5 atoms to the
surface. LEED studies provide essential complementary
information.

It is now well established that the changes in surface
electronic structure due to adatoms can be detected by
proper photoemission experiments. In Fig. 1, we present
EDCs which examine such changes due to deposition of
column 3 (Al, Ga) or column 5 (Sb) on GaAs (110)
using hv = 21 eV. To emphasize any changes produced
by the adsorbate (emission from Al or Ga is weak com-
pared to GaAs), Fig. 2 provides difference curves, i.e.
the differences between a properly scaled EDC of the
clean surface and that obtained after deposition of the
indicated amount of Ga or Sb. Also included in Fig. 2
is the surface local density of states (LDOS) calcu-
lated by Mele and Joannopoulos (MJ) [3]. Qualitatively
similar theoretical results have been obtained by Chadi
(C) [4]. In fact, this work was stimulated by these
theoretical calculations.

In the calculations of MJ and C, a reasonable
assumption of quite localized and directional bonding
was chosen in which the column 3 adatom was
“covalently” bonded to the semiconductor surface
lattice As and/or Ga atoms in a very specific geometry.
Not surprisingly, this always produced the type of sharp
structure in the surface density of states (SDOS) shown
in the calculated curve of Fig. 2, together with large
changes in surface lattice reconstruction [10]. A glance
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Fig. 1. EDCs of Ga and Sb on p-type GaAs (110).
Emission from the Ga overlayer (under arrows) is weak
due to the large photoemission cross-section of GaAs
compared to Ga at hiv = 21 eV.

at the experimental curves for Ga will emphasize the
extreme difference between our data and these calcu-
lations. Similar contrasts between theoretical and exper-
imental results were found for Al on GaAs (110). Thus,
it appears that a different model for bonding is needed.
Using the data at hand, it is quite possible to make
suggestions regarding a new model. However, before
doing so, more perspective can be gained by examining
the Sb overlayer and the LEED results.

Sb produces quite different results compared to Ga,
as can be seen from Figs. 1 and 2. Here, new EDC struc-
ture is introduced by the Sb, and GaAs surface-derived
EDC structure [9] is altered. As Fig. 2 shows, this is
quite different from bulk Sb [i.e. 10 monolayers (ML)].
Intuitively (and consistent with the localized calcu-
lations for Ga and Al adatoms), one would expect this
to indicate localized orbital-type bonding. This is con-
firmed by LEED at monolayer Sb coverage which is
characterized by a sharp (1 x 1) structure (without
increased background) but with -V curves strikingly
different from those of clean GaAs (110) [11]. In con-
trast, deposition of 0.5 ML Al at room temperature
produced an increased LEED background with essenti-
ally no changes in translational symmetry, relative spot
intensity [8], or in the I~V curves of the LEED pattern
[12], indicating a lack of long-range order with column 3
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Fig. 2. Difference curves [8] obtained from the data in .i
Fig. 1. The dashed curve overlaying the Ga adatom dif- '
ference curves is the density of states (DOS) calculated
by Mele et al. [3] for 0.5 ML Ga on an AlAs (110) sur-
face lattice, with the calculated Fermi level] indicated by
E, (MJ). The large number of slow electrons (below

~ 2eV) in the Ga difference curves is due to MVV
Auger and secondary electrons generated by Ga-3d core
hole decay.

overlayers and no major change in surface lattice recon-
struction. At higher temperatures (500°C), the /- V'
curves are changed, but this is due to a bulk chemical
reaction (AlAs formation) beneath the surface and not
ordering of chemisorbed Al atoms [12].

At this point, we can conclude that the bonding of
the column § adatoms to the (110) surface is localized
and directional, but the column 3 elements bonding is
of quite a different nature. This is plausible since the
column $ elements normally form strongly covalent
molecules or solids (bonding dominated by p orbitals),
whereas the column 3 elements form metallic solids.
However, prior work [3—5] has not made this important
distinction. Let us next see what can be deduced from
the experimental data concerning the nature of the
bonding of Ga and Al to the GaAs (110) surface.

First, let us examine the Ga-induced structure of
Figs. 1 and 2. We will concentrate on initial energy
E;> —2eV since the strong background for £; <
— 2V, due to an Auger transition, masks the states
with £, < — 2eV. The first striking thing is the
formation of a well-defined Fermi surface about 0.5 eV
above the valence band maximum (VBM), even at
0.1 ML coverage. Within 2.5 eV of this Fermi surface,
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the EDC is characteristic of an almost free electron
metal. This can only be explained by formation of Ga
“clumps” — indicative of strong adatom—adatom
attraction and sufficient Ga surface mobility. Because
of the attenuation of the GaAs EDC structure with
increasing Ga coverage, and the strong damping of the
localized surface exciton transition [8] at less than
monolayer coverage without disruption of other sur-
face electronic structure, we suggest that the “clump-
ing” is predominately two-dimensional at less than
monolayer coverage and that the Ga film is of fairly
uniform thickness even at 10 ML. Attenuation of LEED
spot intensity (by a factory of four) was observed after
deposition of 5 A Ga at room temperature, consistent
with a uniform overlayer and 8 A escape depth. A com-
parison to deposition of 5A Ga at < 100K, however,
suggests the room temperature overlayer is not com-
pletely uniform. As with Al [12], no significant change
in the form of the /- V curves (single beam) was s>tn
with the Ga overlayer. The two-dimensional aspect of
the “clumping” suggests comparable strength i he
Ga—Ga (adatom-adatom) and Ga—GaAs bondung.

It is now clear that, for the column 3 over!s rars:

(1) Adatom-adatom bonding is a domaiart Smlor,
comparable in strength to that toward tiw crystal {to
produce the raft-{ike almost-free electron metal).

(2) There is no long-range order, i.e. no #pitaxy
of the Al or Ga on GaAs (110) at low coverage
(<2ML).

(3) No major changes in the GaAs (110) surface
lattice states or reconstruction within the surface unit
cell.

These last two facts together are quite striking: they
suggest that the bonding of the column 3 atoms to GaAs
(110) is predominantly metallic or nondirectional in
nature, i.e. that the valence electrons from the Ga
adatoms may spend some time in the GaAs without
forming a localized highly directional bond. No specific
bonding or anchoring site for the Ga clumps or rafts is
suggested or indicated by this data. A theoretical under-
standing of this type of bond is highly desirable: How is
this bonding accomplished such that the semiconductor
surface reconstruction is not affected by the column 3
element overlayer? The conventional approach assuming
localized bond orbitals does not seem relevant here.

An equally interesting feature of the data is the
strong adatom—adatom interaction. Such a “strong”
Al-—Al (adatom—adatom) interaction has been found in
the calculation by Chelikowsky et al. [2}; however, in
their calculation, the metal atoms were constrained to
epitaxial alignment with the GaAs. Zunger [14] has
compared the calculated bond energies of Al on the Ga
site [5], Al,, and bulk Al, and found that three-
dimensional cluster formation was energetically favored

BONDING OF COLUMN 3 AND 5 ATOMS ON GaAs (110)

over single-adatom-per-unit-cell models. Such clusters are
known to form at high temperatures. However, two-
dimensional rafts may be metastable at room tempera-
ture although not the equilibrium state. It is perhaps
significant (but not surprising) that jellium overlayer cal-
culations [1] appear to be in better agreement with our
results with regard to the density of states of the
metallic overlayer.

In contrast to the predominantly metallic Ga over-
layer, Sb forms an ordered overlayer due to a more
localized and directional bond. Calculations of electronic
and lattice structure associated with the Sb overlayer on
this basis would be valuable and should result in struc-
tures which might, in turn, be checked in detail by
LEED or angle-resolved photoemission. Specific models
of the ordered Sb overlayer will be examined in a more
detailed publication [13].

These results also suggest that, in the growth of epi-
taxial layers on the (110) face, the first step must be the
epitaxial covalent bonding of the column 5 element to
the 3—5 crystal. This is in contrast to a view commonly
used in theoretical calculations in which the column 3
atom may initiate epitaxy by covalently bonding to the
3-5 semiconductor anion [2—4]. (It should be noted
that Goddard [5] has given chemical arguments against
bonding of 2 column 3 adatom to one of the semicon-
ductor surface lattice anions.) Whereas the column 3
metals may not form covalent bonds with the free (110)
surface, they are expected to hybridize into an sp® or
sp® configuration, given a site with sufficient neighbor-
ing column $ adatoms. This can be checked using the
experimental techniques applied in the present work by
depositing a fraction of a monolayer of column 3 (5)
followed by a like amount of column § (3) atoms. These
studies, properly coupled with the theoretical work,
indicate a path by which we can begin to study crystal
growth mechanisms on an atomic level.
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Photoemissicn spectrrsconv using s'nchrozron radiation and excication
energies around the Cooper minimum have been applied to studies of

the nature of the bonding in Si~Pd and Si-Pt interfaces. Evidence is
presented that breaking of the tetrahedral coordination in Si and the -
Si-zetal interaction introduces new valence states in the interface
region. The energy positron and the orbital character of these
Si-metal mixed valence states are determined. A suggestion is made
how these results can be generalized to other Si~transition metal

interfaces.

The study of the electron states formed
in reactive Si cransition utai_igterhcu is
receiving increasing attention not only for
the importance of these interfaces in appli-
cations but also for fundamental reasons of
interface physics. The behaviour of Si d-metal
junctions is dominated by the formation of in~
terfacial reaction products. Correlations
between Shottky barrier heights and macrosco-
pic properties of intermixed Si d-metal phases
have bccnﬂoinud out: silicide heat of for-
mation i
ture inl®, 4 step towards the understending
of the fundamental atomic processes under-
lying these properties is the classification
of the nature of the chemical bonds which are
formed in the interface region due to the
intermixing. This interface work is needed
because it is not possible to rely only
upon the analogy between interface products
and bulk silicide states without limiting the
generality of the discussion. It is true that
the density of states at the interfaces '"19-3
in silicides are correlated in many cases ~;
nevertheless important differences are found:

a concentration gradient is present along the
normal to the interfaces!© and the intarface
produces do not give LEED patterns indicative
of siangle crystal qgvth unless special
treataents are made - .

The purpose of the present letter is to
point out the nature of the valence states in
Si-Pd and Si-Pt interfaces. This is the first
interface experimental work vhich gives a
comprehensive answer in both casas to this
question for the entire valence band range.
The conclusions come directly from experimental
results vithout ssking guesswork based on
sodel cslculations for systems vith ordered
structures. This has been possible by exploit-
ing the waique tunability properties of syn-

and silicon metal eutectic tempera- -

chrotron radiation (SR). Thus we have done
photoemission measurements at photon energies
tuned to the Cooper minimum of the c;o”
section from d orbitals of the metal”>*”. 1Ia
this case the d emission is sufficiently
reduced that a clear understanding of the sp
contributions to the cherical bond is jossible
directly from the measured photoelectron
energy distribution curves (EDCs). We have
chosen $i{311)-Pd and $i(111)-Pt interfaces
because Pd=-4d and Pt-5d have Cooper minima.
The present work has also a methodological
value since it shows that the Cooper minimm
photoemission can be applied successfully to
these problems; in this sense the interest of

~ the results is beyond the specific interfaces

195

discussed here. We have done extensive measu-
rements versus coverage (6 ix monolayers) but
we report here the results only at selected
coverages. This is sufficient for the purpose
of the present discussion since the dependen~
ce is very smooth; a detailed account of the @
dependence will be presented elsewherel0,

The interfaces were prepared in situ
(base pressure 7.10"11 Torr) by cleaving
n-type Silicon crystals and by evaporating the
metal onto the freshly cleaved face held at -
room tempersture. No LEED analysis was carried
out onto the Si surface so that nothing can be
stated about the quality of the cleave. The
evaporation was monitored with a quartz oscil-
lator. The SR light from a "Grasshopper” mono~
chromatoril was ac grazing incidence onto the
sample. Angle integrated EDCs were measured
with a double pass cylindrical mirror analyzer
with the axis normal to the sample surface.
The total instrumental resolution was chosen to
0.8~0.9 eV to increase the counting rate at the
Cooper minimum whers photoemission is very
veak. This resolution is sufficiently good
for the purpose of the present paper. Some
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results on Si(ll1)-Pd ard Si(lll)~Pt were also
obtained in separate experiments in a vacuum
chamber equipped with a LEED apparatus.

The valence photoemission results far from
the Cooper minimum (h.=80 eV) are given in
Fig. 1 for Si(111)-Pd at two coverages
(é=0.8, 6=3.2) and for Si(1l11)-Pt at 6e=l.5.
With Pd at ve0.8 a weak 1x1 LEED pattern with
an intense background is still seen; in the
other cases no pattern is seen so that the
interface region does not behave as a cry-
stalline phase in agreement with ref.(15). At
hve80 (Fig. 1) the d-state cross section is
very strong so that the EDCs are dominated by
photoemission from these states which are
responsible for the main peak around -3 eV
with a shoulder at higher binding energies.
The EDCs at hv=B80 eV agree with previous results
reported in the literature®*°»*' and taken at
different photon energies. In the present case
the measurements were done near the minimum of
the escape depth so that the information from
the first reacted top layer is dominant. We
want to stress that the intensity of the photo-
emission near E; indicates that a d-contribution
is present also at E; as discussed already in®.
The reader is referred to this reference for a
comparison between photoemission from inter-
faces and from the pure metals which provides

hv=80 eV
Si-Pd

0=0.8

hv=80 eV
Si- Pt

e=15

) A S U CUT W S S SR S
-5

-10 eV Ef

Fig. 1 - Angle integrated photoelectron energy
distribution curves for Si(l11)~Pd
and Si(111)-Pt interfaces at hv=80 eV.
The coverages ( ) are given in mono-
layer units.

the experimental evidence for chemical reactions
at the interface. A deeper insignt into the
nature of the orbitals in the interface region
is obtained by contrasting the photoemission
results at lower energies with those at the
Cooper minimum. The modification of the EDCs
is dramatic and very similar in Si-Pd and

Si-Pt interfaces as is shown by the EDCs of
Fig. 2 (h w130 eV) (solid linmes). 1In these
EDCs some d contribution from the metal is
still present in the region where the peak is
seen at h w80 eV. ;rog what is known about d
metal cross section’’l? we can state that at
least 40-50% of the emission is from (sp) states
in the region indicated by the horizontal bars
in Fig. 2; the emission is completely sp below
- 7.5 eV. Thus the structures shown in Fig. 2
can provide information about the sp contribu-
tion to the orbitals and the role Si plays in
bonding to the metal. This role is clear from
the comparison (Fig. 2) between the Cooper
minimum EDCs from interfaces (solid lines) and
from clean Si(111) (dotted lines) measured in
the same experiment. Fig. 2 shows a shoulder A
at = 1 eV from EF and a distinet peak C around
=10 eV in the spectra from both interfaces.
Moreover in the region B (-5-6 eV) the emission
is much stronger than in pure Si. The energy
position of these distinct features in the
interface spectra strongly suggests that A

and B contain a considerable amount of Si p
oribtal character while C is largely due to s
orbitals. Structures A and B are located in a
region where strong d orbital contributions
from the metal are present as seen from Fig.l
(hv=80 eV); thus A and B structures indicate
the presence of mixed orbicals between Si and
the metal mostly via combination of Si p

and metal d states. The structure C is outside
the d region of the metal; owing to its posi-
tion it has a (sp) contribution from the metal
as it is shown by the increase of C with the
coverage. This peak contains Si s electrons
vhich are little involved in the bond. 1In the
high binding energy region of Fig. 2 the EDCs
are completely different from that of clean
$i(111) which has two structures, while only
one is seen from the interface (peak C). The
disappearence of the two peak shape characte-
ristic for clean Si is a fingerprint for
breaking of the tetrahedral coordination of Si
s.nce the double structure is known to be
typical of sp” configuration in diamond structure.
We can thus rationalize the experimental results
on the basis of the following density of icates
structures.

(i) a deeo structure C (Si s) little involved
in the bonding with sp contribution from the
metal

(ii) a region B where mixed orbitals between
Si (mostly p) and metal (mostly d) are present
(iii) a main d structure around ~3) eV with a
shoulder at higher binding energies

(iv) a region A containing mixed orbitals
between Si (mostly p) and metal (mostly d);
the d contribution extends up to Ep.

The relative position of B and A suggest
that B is bonding and A can have antibonding
character. We want to emphasize that these
conclusions are derived directly from the
measurements based on a method which has a
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Fig. 2 - Comparison between photoemission
spectra at Cooper minimum (hv=130 eV)
from Si(l11)-Pd, Si(111)-Pt interfa-
ces (solid lines) and photoemission
from Si(111) (dashed lines). The

coverages

are given in monolayer

units. The ordinate of the spectra
are lower for a factor of = 20 with
respect to Fig. 1.

very wide application range. In this respect
the present approach is more appealing than
Auger lineshape analysis with results very
useful in the study of Si-Pd system; in parti-
cular our conclusions on states A and B are in
qualitative sgreement with the Auger work” on

metals

Pdysi, i(111)-Pd1% and on Si-Pd glassy
Auger lineshape technique in interfaces
than Si(111)-Pd remains to be assumed.

the calculations on model c§¥stals PdSi
Pd35i3 and on glassy metals<’ suggest a
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Nevertheless the usefulness of

other
Also
and
state
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classification similar to that presented here.

The analogy between different systems
is at first sight surprising and indicates
that something common must be present in
such situations. One important aspect is
probably the breaking of the Si tetrahedral
coordination but more research is needed
(both experimental and theoretical) to clarify
this appealing point. One of the purposes
of this paper is to stimulate further work
in this direction possibly with a closer
connection between structural and spectro-
scopic investigations.

In conclusion, by using photoemission
spectroscopy over a large photon energy range,
we have clarified the nature of the valence
states in reactive Si/Pd and Si/Pt interfaces.
A classification srheme of the different
orbital contributions to the bonding is pre-
sented which seems to be sufficiently general
to be used as a guideline in interpreting

future photoemission work on Si-metal inter-
faces.
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Oxidation of Si(111), 7x 7 and 2 x 1: A comparison

C. Y. Su, P. R. Skeath, |. Lindau, and W. E. Spicer*
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The initial processes of oxygen adsorption on the 2X 1 and 7X7 Si{111} surfaces are studied in
detail with photoemission techniques. The high-energy resolution and high surface semsitivity Si-
2p core level spectra have revealed clearly the different nature of the oxygen adsorption processes

on the.two surfaces. Analysis of the oxidation p
for “defect”-type models of the 7X 7 structure.

PACS numbers: 79.60. — i, 73.20. —~ 1, 81.60. — j

ies of the 7 X 7 surface gives strong support

THIS COPY D(STPISUTED THROUGH
SOLID-STATE INDUSTRIAL AFFILIATES
PROGRAM OF STANTORD UNIVERSITY

[. INTRODUCTION

It is well known that the (111) surface of Si exhibits 2 2 X
1 structure after cleaving at room temperature, and trans-
forms to a 7 X 7 structure after annealing at elevated tem-
perature (>200 °C). As schematically depicted in Fig. 1, the
generally accepted description of the 2 X 1 reconstruction is
that rows of surface atoms are alternately raised and lowered.!
While various models for the 2 X 1 surface differ only quan-
titatively in the structural parameters describing the “buck-
ling,” two qualitatively distinct groups of models have been
propased for the 7 X 7 structure: the “weak perturbation"
and the “defect™ models. Although we realize the use of
“weak perturbation” and “defect” here may raise objections,
we hope that the conceptual contrast between the two groups
of models are well brought out. As are also illustrated in Fig.

2 X\
i ANNEAL AT T28300°C ~ = = = = = = — == = o= = -
TR? TWO TYPES OF MODELS

¢ . ' ¢ . » . .

DAARAAAIT

"WEAK PERTURBATION"

- TRONICALLY ODRIVEN
SMOOTH (1) PLANE ELECTRONICALLY ORIVE

. \ "DEFECT CREATION®
— ATOMIC MIGRATIONS REQUIRED

© -
ADATOM ‘
oé

Fic. 1. The surface reconstructions of the (111) surfaces of Si, viewed along
2 (113} direction. Buckling of alternate rows of surface atoms is the generally
accepted description of the 2 X [ reconstruction (top). The two competing
types of models for the 7 X 7 structure are‘contrasted by their relations to s
smooth plane. Specific models in the “defect” group mentioned in Ref. 3 are
depicted in the bottom schematics o
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1, the first group of models describes the tendency of the
surface to. reconstruct within the constraints of the crystal
structure, so the final structure is obtained by applying a
“perturbation” to the smooth plane. The second group de-
scribes the tendency of the surface to break away from the
constraints of crystal structure through “defect creation™ in
the smooth plane.

The great complexity of the 7 X 7 structure has so far pro-
hibited the direct determination of atomic positions through
LEED or other experimental techniques. Qur approach here
is to distinguish the two groups of models through studies of
the oxygen adsorption properties of the (111) surfaces. In
particular, the 2 X 1 surface will be considered as a “known
reference” for the “weak perturbation” model in considering
the oxidation behavior.

il. EXPERIMENTAL

The 2 X 1 surfaces were prepared by dleaving in situ. The
7 X 7 surfaces were obtained by thermal conversion of cleaved
surfaces at temperature 2500° C. The oxygen exposures were
made at room temperature with cure being taken to avoid any
source of excited oxygen. The photoemission measurements
performed are listed in Table 1. The 130 eV light source used
was synchrontron radiation from the Standard Svnchrontron
Radiation Laboratory (SSRL). The O-1s level was measured
with a Mg Ka x-ray source.

Wil. RESULTS AND DISCUSSION

We will compare the 2 X 1 and the 7 X 7 surfaces at the
saturation point of the fast chemisorption stage. This point

TABLE L. Summary of measurements.

Mecasurements Information gained

Valence struciure
athy= 130eV

(1) energy positions of the O-2p levels
(2) amount of oxygen

Si-2p core level (1) oxygen induced chemical shifts

athr = 130 eV (2) number of Si atoms bonded to
oxygen
O-is (1) amount of oxygen

athy = 1283 eV (2} binding energy of O-1¢
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FIG. 2 Si-2p spectrs of a Si(111) 7 X 7 surface subjected to a sequence of
oxygen exposures at room temperature. The inset displays the corresponding

O-1s spectra. Saturation of oxygen adsorption is seen to take piace at or below
100 L exposure.

represents the completion of the interaction of oxygen with

surface, and hence is useful in revealing the surface structure.
Our long experience with the cleaved surfaces has shown that
the 2 X 1 surface can be saturated with ~103L (1 L = 10~
Torr X 1 s) oxygen exposure. This has found close agree-
ment with the recent systematic studies of Kasupke and

Henzler,* which have also clarified the early finding® of a -

large variation of oxygen sticking coefficient on the 2 X 1
surfaces. The saturation point for the'7 X 7 structure was not
as well established in the literature. Hence we show in Fig.

hr 3130 oV
0-2p

Si-vB

0-2s
(7x7)+10%10,

(2x1)+10°L0,

(2=1) ~10? LO, ¢ Anneal

N(E) ,ARBITRARY UNITS

CLEAN Si ()

L )] b L P |

1o
28 24 20 16 12 [) ‘ 0
BINDING ENERGY (eV)

FiC. 3. Valence band region spectrs of three different oxygen-covered
surfaces. (s) A Si(111)7 X 7 surfsce exposed to 100 L oxygen at room tem-
persture. (b) A Si(111) 2 X 1 surface exposed to 1000 L oxygen at room
tempessture. (¢) The surface of (b) annesled st 350° C for ~10 min, The
bottom curve is the spectrum of a clean surface.

L
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Si-2p of Si(i) 7x7 (a)
hys 130 eV

Si-2p of Si{1)2m (v)
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Si-2p of Si(I1)2x) (c)
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FIC. 4. Si-2p spectrs of corresponding surfaces in Fig. 3. The spectrum of
the clean surface of each case is shown by the dashed curve.

2 a set of spectra of a 7 X 7 surface subjected to increasing
oxygen exposures. Both the O-1s and the Si-2p spectra have
clearly established that the saturation exposure is equal toor
less than 100 L. Thus the 7 X 7 surface is at least 10 times more
reactive to oxygen than the 2 X 1 surface. This difference
between the 2 X 1 and 7 X 7 surfaces favors the “defect”
models to some extent, because we do not expect such a large
difference in chemical reactivity if the two structures are very
similar.

Figure 3 gives the valance band region spectraof a 7 X 7
(curve a}and a 2 X 1 (curve b) surface saturated with oxygen.
Curve ¢ is the spectrum of a 2 X 1 surface (curve b) oxidized
at room temperature and then annealed at 350° C for 10 min.
A spectrum of a clean surface is also shown to indicate that the
peak at ~3 eV binding energy (BE) is due to Si substrate
emission. The peak at 7.3 eV BE is the oxygen nonbonding
orbital. We observe the following: (i) The amount of oxvgen
on the two surfaces are about equal. as measured by the rel-
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F1C. 5 Schematic illustration of how oxygen stoms can
move below the surface laver of the 7 X 7 structures
described by “defect” models. The particular 7 X 7
models depicted bere are, from left to right, Lander’s
vacancy model, Harrison's sdatom model, the milk stool
model, and the epitaxial-bilayer model

ative peak height of the 7.3 ¢V BE peak and the 3 eV BE peak.
(ii) The valence band region spectra do not reveal significant
differences between the two surfaces. This is consistent with
the early UPS result 7 The lack of difference in valence band
spectra, bowever, does not imply the same oxidation state for
the 2 X 1 and 7 X 7 surfaces, as was concluded in early UPS
work.8 On the contrary, the oxidation states on the two sur-
faces are distinctly different as found in the Si-2p spectra (Fig.
4, to be discussed below).

Figure 4 shows the Si-2p core level spectra of the corre-
sponding surfaces of Fig. 3. A spectrum of the corresponding
clean surface (dashed) is also included in each case for refer-
ence. In Fig. 4(a) we see the presence of several chemical shifts
on the 7 X 7 surface, with the highest value of shift being 3.4
eV. This suggests the existence of strongly inequivalent groups
of surface atoms in the clean 7 X 7 structure. In the models
within the “defect group” we can easily identify such dis-

" tinctly inequivalent groups, hence this finding is taken as

strongly supporting the “defect” type model. This finding is
against the “weak perturbation™ model, because in a structure
close to the smooth plane no such inequivalent groups of atoms
can be unambiguously identified; in particular, we cannot
identify a special group of Si atoms that can easily achieve,
at room temperature, high oxygen coordination number,
which is required by the presence of the 3.4 eV shift. The
above conclusions can find further support from comparison
with the 2 X 1 surface (which we have taken as the known
reference for the “weak perturbation” model). Figure 4(b)
shows that the chemical shift developed on the 2 X 1 surface
after room temperature oxygen adsorption is small (0.9-1.4
eV). Even after annealing this 2 X 1 surface to an elevated
temperature, the chemical shift (1.8-2.5 eV, Fig. 4(c}] is stil}
distinctly smaller than what is expected for SiO2 (3.8 eV (Ref.
8)). The transformation of chemical shifts in Fig. 4(b) to those
in Fig. 4(c) is rather intriguing for understanding the oxidation
of the 2 X 1 surface per se, but this will be discussed else-
where.? The important conclusion to draw here is the integrity
of the 2 X 1 surface against oxygen attack at room tempera-
ture. A similar integrity should be found on the 7 X 7 surface
if it were similar to the 2 X 1 surface with nearly identical
vertical displacements of the surface atoms (Chadi, Ref. 2).

Another difference between the 2 X 1 and 7 X 7 surfaces
is the number of Si aloms bonded to oxvgen. These numbers
can be otained by measuring the intensity of the chemically
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shifted components and by using a reasonable value of the
photoelectron escape depth. The percent of shifted Si-2p is
about ~23% for the 2 X 1 surface both before and after an-
nealing, and is about 35% for the 7 X 7 surface. If we assume
that on the 2 X 1 surface there is one monolayer of Si atoms
bonded to oxygen, an escape depth of 6.5 A is obtained.1° On
the other hand, unusual escape depths of 2.5 and 12 A are
obtained, respectively, for assuming  and 1} monolayer of
Si bonded to oxygen. Thus it is reasonable to postulate that
only the top surface monolayer of Si atoms are bonded to
oxygen for the 2 X 1 surface saturated with oxygen. In con-
trast, the same postulate leads to ~1.6 monolayers of Si atoms
bonded to oxygen for the 7 X 7 surface. This number of ~1.6
monolayer unambiguously suggests that oxygen has moved
beneath the top layer of the 7 X 7 structure. This is another
evidence strongly supporting the “defect” model for the 7 X
7 structure. In general, models within the “defect” group offer
an open structure in which oxygen atoms can easily be in-
corporated into the second layer. In particular, oxygen atoms
can access the second layer atoms through vacancies in Lan-
der’s vacancy model, or oxygen can attack the relatively ex-
posed backbonds in the adatom structure of either Harrison’s
adatom model or the Milk-stool model. These ideas are
schematically illustrated in Fig. 5. Again, the “weak pertur-
bation” model is disfavored because no special passage for
oxygen to reach the second layer can be found in this type
structure.

IV. CONCLUSIONS

In conclusion, the present results strongly support a “defect™
model for the 7 X 7 structure of the Si(111) surface. We have
also demonstrated that, for the same crystalline plane of Si,
the two different surface reconstructions can give rise to
drastically different oxygen adsorption properties.
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Exploiting energy-dependent photoemission in Si d-
metal interfaces: The Si(111)-Pd case
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We present synchrotron radiation photoemission results from Si(111) with increasing Pd
coverages & (in monolayer units from 0.5 to 23 monolayers). We have measured photoemission
spectra in the Cooper minimum for the Pd 4d electrons (kv = 130 eV) and outside this region
{hv = 80 eV) where the d emission is strong. By comparing the two cases, one obtains information
on the Si (sp) and Pd (d) states. Making use of this, we discuss in detail the coverage dependence
of the spectra in connection with the nature of the chemical bond between Si and Pd and the

structure of the Si-silicide interface.
PACS numbers: 73.40. — ¢, 79.60.Eq

I. INTRODUCTION

The study of Si d-metal interfaces with electron spectroscopy
can provide a wealth of information; in particular, ultraviolet
photoemission spectroscopy (UPS) has turned out to be very
useful. We have shown recently that the unique tunability of
synchrotron radiation (SR) is of tremendous help in these
experiments; in fact, very strong modulations of the pho-
toemission spectra take place when the photon energy is tuned
through the Cooper minima of the d (4d and 5d) photoion-
ization cross section. The reduction of the d contribution in
the Cooper minimum makes the Si sp contribution clearly
visible in photoemission spectra. This allowed us to suggest
in a preliminary paper® a scheme for the assignment of the
orbital nature of the electron states formed in Si-Pd chemical
reactions. Interestingly enough, this assignment comes out
exclusively from the experimental results without requiring
any model calculations. The success of this exploratory work
suggested its systematic use in silicide interface problems. This
paper is a systematic account on the subject and deals with the
results on the Si(111)-Pd interface. Since this is the first sys-
tematic application of this approach to silicides, the paper has
a methodological value and is primarily intended to show how
to exploit energy-dependent photoemission. For that reason,
we have selected the Si-Pd interface which is probably the
best known and the simplest among reactive Si d-metal in-
terfaces. Thus, we will assume that the basic ideas on Si~Pd
interface structure consistent with the whole set of published
papers are known to the reader. (Recently, a TEM study!®
indicated that the Si/Pd2Si junction is structurally sharp, with
the interface layers characterized by high concentration of
structural defects rather than by a ordered intermediate
phase). This picture is basically the following for nonannealed
interfaces: a rather sharp interface is formed between Si and
a reacted product which is PdsSi-like. The composition of this
silicide is slowly varying along the normal to the interface with
a metal concentration increasing away from the interface. At
several monolayers of coverage, Si is still present in a metal-
rich Si-Pd mixture. We will show that the present energy-
dependent photoemission results add important information
on the electron states present in these regions and clarify
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further the nature of the chemical bonds® between Si and the
metal. Since the aim of the paper is not only methodological,
we report also new original information on the Si(111)-Pd
interface based on core-line spectroscopy carried out with SR
in the low escape-depth region.

The paper is organized as follows. Section 11 is devoted to
experimental considerations and is divided into two subsec-
tions: (A) the method, and (B) the techniques. Section I is
a summary of the experimental results. Section IV contains
the discussion and is divided into three subsections: (A) orbital
contributions to the chemical bond between Si and Pd, (B)
coverage dependence of valence photoemission, and (C)
core-line positions and shapes. The conclusions are summa-
rized in Sec. V.

il. EXPERIMENTAL

A. Method

We have measured photoemission energy distribution
curves (EDCs) at increasing Pd coverages deposited at room
temperature on cleaved Si(111). This incremental coverage
approach is widely used and fruitful, although it is not free
of criticism3 since it does not represent an interface between
two semi-infinite media.

The basic idea of the paper is to contrast, as a function of
coverage, photoemission results in two cases: '

(1) The situation in which the d photoemission cross section
is dominant over (sp) cross sections so that the main contri-
bution to the EDCs is given by the d states of the metal (we
have selected hv = 80 eV to get high surface sensitivity).

(2) The case in which the d cross section is strongly reduced
due to Cooper minimum effect so that a substantial contri-
bution from Si-derived density of states is present in the EDCs
{we have selected hv = 130 eV).

Thus, a hybrid bond formed by the superposition of Si (sp)
and Pd (d) orbitals is sampled in two different ways: in the
first case, the d contribution is dominant while, in the second
case, the sp contribution is dominant. The possibility of
“switching” from one contribution to another is the key point
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and is the consequence of the unique tunabality of SR.

At the present time, the above argument on cross sections
can not be put in a completely quantitative way since the
detailed energy dependence of the d cross section in com-
pounds of this kind is not known. However, the agreement
between calculated cross sections for atoms and those found
in elemental metals, where 4d or 5d’s form the majority of the
valence electrons, is good. The strong reduction of the d
emission at hv = 130 eV found experimentally adds new
relevant information on the Si-Pd interface. It should be noted
that in ordinary UV experiments (i.e., using He ] and He II
light), the d-band emission is dominant, as was shown by our
preceding results with He L¢

In addition to the valence-band photoemission, we have
measured at each Pd coverage the Si 2p core lines at 160 eV
photon energy. This photon energy results in a kinetic energy
of the photoemitted electrons where the escape depth is 2
minimum, ie., an extremely high surface sensitivity (~5 A)
can be achieved. No Pd core lines could be measured with
sufficient signal-fo-noise ratios due to the insufficient light
intensity at higher photon energies.

B. Techniques

The samples were prepared by cleaving n-type Si crystals
in sity (pressure in 10~1! Torr range) and by depositing in-
creasing amounts of Pd onto the surface at room temperature.
The pressure during the evaporation remained in the low
10~19 Torr range. The amount of deposited Pd was measured
with a quartz oscillator; the coverage 8 is expressed in mo-
nolayer units, where one monolayer corresponds to 7.8 X 10
atoms/cm?, i.e., the Si(111) substrate density.

No instrument was available in the vacuum chamber to
characterize the cleave quality—for example, the presence
of steps. We can only say that the cleaves appeared flat at
visual inspection. Presumably, the cleave quality is particu-
larly important at low coverages. In fact, EDCs from different
fresh cleaves may be different, whereas, after deposition of
0.1 ~ 0.2 monolayers of Pd, the details of the cleave mor-
phology is probably lost and the photoemission spectra are
highly reproducible. For that reason, we do not present here
results at 8 of the order of one-tenth of a monolayer or less.

The EDCs were measured with a double-pass cylindrical
mirror analyzer with the axis normal to the surface of the
sample and with the SR beam striking the sample at grazing
incidence (15°). The light source was the new 4° line at SSRL
equipped with a grasshopper monochromator. The overall
instrumental resolution (including the photoemission appa-
ratus) was ~1.5 eV at hy = 160 ¢V and did not allow the Si 2p
spin-orbit doublet to be resolved. The EDCs of the present
paper have a slightly worse resolution than the preliminary
results of Ref. 2; nevertheless, it is sufficient for the purpose
of this work. At the Cooper minimum, the typical counting
rate was around 100 counts/s for the valence band with the
larger slits of the grasshopper (i.e., a factor of 20 lower than
at hy = 80 eV). The calibration of the absolute snergy scale
of the grasshopper monochromator was not exact; therefore,
we give the spectra for the Si 2p core lines vs the experimental
kinetic energy: the actual binding energy of the Si 2p is un-
certain by £1 eV (Fig. 3). The count rate for the Si 2p core
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lines was on the order of 10 000 counts/s, with a signa)-to~
noise ratio better thar 102,

. RESULTS

We present here the photoemission results vs 8 in order to
point out the main empirical trends. The valence-band EDCs
vs 0 at hy = 80 eV are given in Fig. 1 and those at the Cooper
minimum (kv = 130 eV) in Fig. 2. The results of Fig. 1 (“or-
dinary” photoemission) are in agreement with the results from
the literature*58.14 and show the expected trend in the peak
position vs 8. Small discrepancies with respect to other works
could be due to the uncertainty in coverage calibration be-
tween different experiments and to minor hy-dependent
matrix element effects. The Cooper minimum results are very
different from ordinary photoemission as pointed out already
in Ref. 2. A relevant feature of the spectra of Fig. 2 is the
greater stability of EDC shape at increasing coverages as
compared to the results at Jower photon energies.4 At hy = 80
eV, 8 = 15 gives a pronounced shift of the main 4d peak,
whereas the EDC at hv = 130 eV is basically unchanged. We
will return to this point later in Sec. IV. The Si 2p core lines
are shown for selected f in Fig. 3. The emission intensity is
plotted vs kinetic energy.

In order to put the empirical trends contained in the above
results in better perspective, we present also a plot of the Si
2p binding energy shift vs @ (Fig. 4) and of the Si 2p and Pd
4d intensities vs 8 (Fig. 5). The information on the Si emission
intensity is more reliable than that for Pd since it is based on

hv=80eV
Si(111)-Pd

i
Si (1M

0 ERC T

FiG. 1. Angle-integrated photoelectron energy distribution curvesathy =
80 eV for S5i(111)~Pd interfaces at increasing coverages §, compared with
the EDC for a clean Si(111) cleaved surface. The coverages are given in
monolayer units.




e Y
e e

e

838 L Abbati of ai.: Exploiing energy-dependent photoemission 638

hv=130 eV
Si(1m) ~-Pd

C

0=23

8-15
0-6
0=2
0=5
Si(in)

- Al " 1 -d
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FIG. 2 EDCsat 130 eV, the Cooper minimum, for the Pd 4d valence elec-
trons, compared with the Si(111) valence band at the same h».

well-defined 2p core lines as compared to the Pd 4d valence
photoemission.

IV. DISCUSSION

The valence-band photoemission spectra at the Cooper
minimum show basically constant features over a wide cov-
erage interval. The interpretation of this spectrum (Figs. 1 and
2) is of key importance to the discussion of the interface

hv=160 eV
Si(111)-Pd

8-23

8=15

50 e 55
Kinetic Energy

FI1C. 3. Si 2p unresolved core doublet at hr = 160 eV for $i(111)~Pd samples
at selected coverages. The amplitude of the spectrs have been normalized
to elucidate the change in line shape and binding energy.
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FIG. 4. Si 2p binding energy vs Pd coverage diagram; the curve is the best
fit of the experimental points.

physics. The Cooper minimum spectrum was already pre-
sented and discussed in Ref. 2; therefore, we only summarize
the main conclusions in a short paragraph before proceeding

* to the original information contained in Figs. 1 and 2.

A. Orbital contributions to the chemical bond
between Si and Pd

The ordinary photoemission (hy = 80 eV), the Cooper
minimum photoemission (hv = 130 eV) at § = 0.8, and the
Si substrate photoemission are compared in Fig. 6. Peak C
(hy = 130 eV) originates from Si emission since it is much
more evident at the Cooper minimum. This structure is as-
sociated with Si s states because of its binding energy value.
Two extra contributions with respect to pure silicon are evi-
dent at the Cooper minimum: the region B below the maxi-
mum of the d structure and the A structure near Er. Both
structures are in the region where d electrons are also present,
and this is a strong indication that they are due to hybridiza-
tion between Pd d states and Si states. From the energy posi-
tion, we can conclude that the Si states are p-derived. In the
simplest picture, the lower states (B) are associated with
bonding and the upper states (A) with antibonding levels. This
assignment is also consistent with the theoretical calculations
presented in Refs. 8 and 15. It is important to notice that the
double-peak structure at ~7.5 and ~10 eV in clean Si, typical
of sp’ configuration, is replaced by one peak (C in Fig. 6). We
take this as direct experimental evidence of the breaking of
the tetrahedral coordination of Si upon reaction with the Pd
metal. We note that peak C (Si 3s) is in the same energy po-
sition for both interface products (¢ < 6) and bulk Pd,Si
{sampled at the high coverages (8 > 15)]. The present orbital
assignment from Cooper photoemission is consistent with that
given in Ref. 15 and obtained with a combination of Auger

PHOTOEMISSION
INTENSITY

‘.ﬂ -

"T\ T

Pd 4d (hy =80 eV)
[) { .

Sooeiegemeene. . Si 2D (hV 2160 €V)

Seeewa eeeueas
e

2 b 15 0mi) 23

Fi1C. 5. Si 2p signal intensity (dashed line) and Pd 4d intensity (solid line)
vs Pd coverage; the curves are the best fit of the experimental points.
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F1G. 6. Comparison of the valence-band EDCs of the Si{111)-Pd interface

at 0.8 monolayers for hy = 80 eV and hy = 130 eV (Cooper minimum) and
the valence band of clean Si(111) at hy = 130 eV.

line-shape analysis and model calculations. It is encouraging
that the results of two independent studies, using different
methods, give basically the same result.

B. Coverage dependence of valence
photoemission

On the basis of the previous orbital assignments of the main
structures of the EDCs, it is possible to point out some relevant
information.

(1) The structure around 10 eV below Ef (structure C)
increases slowly in intensity with 8 (§ < 6) and reaches a
constant value between 6 = 6 and 8 = 15. This coverage de-
pendence indicates that structure C is typical of the whole 8
interval in which the Pd is almost fully reacted to form a
Pd,Si-like compound on top of the Si{111) surface. The strong
reduction of the intensity (§ = 23 in Fig. 2) when the system
becomes richer in the metal indicates definitely that the
greatest contribution comes from Si electron states. The weak
6 dependence at lower @ is the evidence of a small metal
contribution to this structure. The metal enrichment at in-
creasing @ is unambiguously shown in Fig. 1 (hv = 80 eV) by
the shift of the main d peak towards lower binding energies.
(This is a well-known fact discussed earlier in Refs. 1, 6, and
10.)

(2) When 8 increases, the shape of the Cooper minimum
EDCs (hv = 130 eV) is more stable than the ordinary (hv =
80 eV) photoemission results. At kv = 130 eV, the EDC at §
= 15 is still basically the same as at smaller 8, while already
a considerable shift of the main d peak isseenat hy = 80 eV,
and smaller shifts are seen at lower 8, thus indicating metal
enrichment. This point is of paramount importance and can
be understood by remembering that the Cooper minimum
EDC is related to the local density of states around the Si
atoms. Thus, the constancy of the shape of the top 6 eV of the
valence band even when the metal concentration increases
indicates that the local density of states around Si is not much
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affected by the increuse of the number of Pd atoms and by
the change of the above arrangement. The results indicate that
the Si local density of states changes dramatically when sp3
configuration is broken, but it is not very sensitive to the details
of the bonds with the metal provided Si-metal (p-d) hybrids
are formed. Our data thus provide the first direct experi-
mental evidence that the details of the structure are not im-
portant as long as Si is completely surrounded by metal atoms.
This conclusion regarding the stability of the density of states
was also inferred from the model calculations for bulk silicides
by Ho et al.? and from the experiments on glassy alloys by
Riley et al.15 This “stability” of the local Si density of states
can also explain the fact that, at present, the orbital assignment
of the structures given in the preceding paragraph seems to
work in a variety of cases. For example, this is true for Si-Pt,
as was shown by a preliminary measurement reported in Ref.
7 and by extensive research now in progress.!!

(3) The known metal enrichment at increasing 6 and the
decrease in Si concentration is particularly evident from Fig,
5. Thus, the Cooper minimum EDC at § = 23 must be inter-
preted in terms of metal enrichment effects on the basis of the
assignments given in the preceding subparagraph.” The de-
crease of structure C has already been discussed and is easily
understood (Fig. 2). At increasing metal concentration,
structure A, originating from antibonding (p-d) hybrids, is
reduced and obliterated within the noise as a consequence of
the decrease in Si concentration. In the meantime, the d
contribution to the spectrum (still also present at the Cooper
minimum) increases due to the increase in metal concentra-
tion. This is explained as the origin of the changes in the EDCs
in region B. Since Figs. 1 and 5 clearly indicate that the
spectrum characteristic for pure Pd has not been reached, it
is not surprising that the d contribution from Pd in region B
still resembles that for the PdsSi-like situations of bonding
(hybridized p-d orbitals). The interesting fact is that the
changes of the Cooper minimum EDCs for the metal-rich
surfaces are very pronounced. Thus, it should be possible to
get more valuable information in this  range provided a re-
search effort (also theoretical) is made for a more quantitative
analysis of the data than has been possible here with the sole
use of energy-dependent photoemission data.

(4) Structure A (Fig. 2) is present in the whole 0 range up
to 15 ML, i.e., up to a coverage where the reaction products
are almost silicide-like within the probing depth of the pho-
toemission technique. Within the experimental accuracy, we
have no evidence that the intensity of structure A is -de-
pendent in this coverage range. In particular, that it is not
enhanced at low 8. This is an important observation because
the analogous structure examined indirectly in Auger LVV
line-shape analysis by G. W. Rubloff et al. shows some 8 de-
pendence.®18 These authors suggest that this might be the
evidence for interface states in a fairly abrupt interface be-
tween Si and PdgSi. On the basis of our experiment, which is
much more direct, we find no evidence for this conjecture.
Further work with better signal/noise ratio and resolution
could be of importance to identify small effects due to cov-
erage dependences. It should also be stressed that considerable
uncertainties are also involved in Auger line-shape analysis
at low 4.
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F1G. 7. Si 2p core line-shape
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C. Core line positions and shapes

The discussion of core-line positions is necessarily incom-
plete since no Pd core line could be measured, while the dis-
cussion of the Si 2p core line is very interesting. As far as the
core shift is concerned, it is worthwhile noting that the binding
energy trend seen in Fig. 3 is consistent with our preliminary
results on Si/Pt}! and those of a related system, Si(111)~Au’;
recent self-consistent valence states calculations!” on silicides
(Pd,Si, PdSi) which are related to interfacial compounds show
a charge transfer from the metal to silicon.

There are remarkable changes in the line shape of the Si 2p
core line upon increasing thickness of the deposited Pd metal.
Figure 7 shows a skewed line shape for the unresolved Si 2p
doublet at & = 23. The shaded area in the figure indicates the
difference between # = 0 and 8 = 23. No evidence is found
that the change in line shape may be due to contaminants.
Instead, it appears to be a genuine effect and characteristic
for the Sunjic-Doniach line shape!2!3 observed for core levels
in metals when pair formation around the Fermi level ac-
companies .the photoemission excitation. However, more
experimental and theoretical analysis shiuld be done on the
line shape since a certain amount of skewing may also be due
to low-energy inelastic losses enhanced by the metallic envi-
ronment. The skewed line shape at higher coverages is con-
sistent with the increase of available states in the Ef region
when the system becomes metal-rich. We have found the
same trend in the Si-Pt system vs 0 in a detailed experiment
carried out under similar conditions as for the Si-Pd system.!!
Thus, the evolution of the Si 2p line shape can be regarded as
a typical fingerprint of the changes from a silicide-like in-
terface (where the line-shape modification with respect to
Si(111) is small, as shown in Fig. 3) to a metal-rich interface
(called “underreacted” in Refs. 6 and 9). To the authors’
knowledge, this is the first time that a Si core line has been
clearly seen to change from the symmetric shape typical of
the semiconductor to that typical of a metal.!é

V. CONCLUSIONS

We have presented the first extensive application of the
Cooper minimum photoemission techniques to studies of the
Si-Pd interface. These techniques, combined with the cov-
erage dependence of the photoemission spectra, have made
it possible to make a clear assessment of the orbital origin of
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the electron states formed in the intermixed interface region.
In particular, we have followed the transition from a sili-
cide-like region near the interface to a metal-rich region
which has electron states still considerably different from those
of the pure metal due to the interaction with Si. The Si(p)-
Pd(d) antibonding states near Ef are typical of the silicide-like
region and are not seen in the spectra from the metal-rich
region; no evidence has been found for interface states in the
region between Si and the silicide-like phase.

We have pointed out that in a broad coverage range (up to
f = 15, i.e., beyond the silicide-like region), the local density
of states around Si is basically invariant. This was attributed
to the breaking of the tetrahedral coordination of pure Si and
to a relatively low sensitivity of the local density of states to
the details of the structure around the Si atoms.
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FERMI LEVEL PINNING AT 3-5 SEMICONDUCTOR INTERFACES*
W. E. Spicer*, P. Skeath, C. Y. Su and I. Lindau

Department of Electrical Engineering
Stanford Unfversity, Stanford, California 94305

Using photoemission spectroscopy, the Fermi level at the surface
(E¢s) can be measured directly as surface conditions are changed.

For sufficiently perfect 3-5 surfaces, no surface pinning occurs.

As oxygen and metals are added, Egs moves until it takes up a sta-
tionary position, E¢gf, which is the same for a large number of
metals and oxygen and occurs for much-less than a monolayer. This
and other evidence leads to the identification of a unified mechanism
for Schottky barrier and 3-5: oxide interface state formation on

the basis of formation of lattice defects. Strong agreement is

found with "practical® Schottky barrier and MOS results.

I. Introduction: The Importance of Surface Rearrangement

A revolution, based on our ability to study and understand surface and inter-
faces on a microscopic or "atomic” basis, has taken place. This was triggered by
the discovery that the filled surface states on silicon could be studied in de-
tail using ultraviolet photoemission spectroscopy (1], however, many other devel-
opments - improved LEED, the availability of synchrotron radiation, etc. ~ were
essentfal. A key finding was that there are no intrinsic surface states in the
the bandgap of GaAs and most 3-5's. Almost simultaneously LEED established
strong rearrangement of atoms within the surface unit cell on the (110) surface,
with atoms moving by as much as 0.5 A from their bulk positions. Shortly
thereafter, theoretical work completed our first order understanding by defini-
tively showing that the surface states were swept out of the bandgap region by
this lattice rearrangement (2].

ve (3]
Ga 8g (100}

In Figure 1 we surmarize these
results by schematically showing both
the atomic and electronic rearrange-

ment. A fact of prime importance fs gl o e
the reajization that rearrangements 2o - Y

of atoms, electrons, and electronic v

states are fnextricability interwoven. 3

(Perhaps the most comfortadle and
familiar bulk anaiogy is the Jan-
Teller effect). On the surface of
GaAs and most 3-5's the atoms and
electrons rearrange themselves so
that the filled surface states move
to Tower energy below the valence
band maximum (VBM) and the empty
states to higher energy above the
conduction band minimum (CBM).
Because the column 3 and 5 elements LOCATION OF EWPTY SuRTacE STATL
respectively can de-hybridize toward

their atomic configuration with Fig. 1 GaAs surface structure °
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-zx:.3 and S valence electrons respectively, the electronic rearrangements for the 3-5's
can take place much more ideaily than for Si. Thus the surface states are swept
cogpletely out of the bandgap. Ga with three valence electrons moves toward a

, spé (graphite ltke) bondfng scheme with its three neighbors. In contrast, the

y As surface goes toward a p° bonding configuration with the two remaining vaience

electrons in a s¢ filled non-bonding orbital. The p3 bond angle is more acute

than the bulk sp3 covalent bond, thus moving the As atom outward. In contrast,
the sp¢ Ga bond is almost planar pulling the Ga inward (see Fig. 1) [2,3]. Note
that there are no “dangling” bonds in the clazsical sense. The As "S2“ electrons
are available for bonding; however, {f the “S¢* arrangement is thys changed the
surface will rearrange at that point, inducing additional strain [2].

In the past a very elementary picture of the inter-relation of intrinsic
surface and bulk states has been popular. The bulk electronic and lattice
structure was throught to extend right up to the vacuum-semiconductor interface
and then surface electronic states were added in the bandgap at the surface. The
inadequacies of this are now apparent. The lattice structure generally changes
as we move to the surface. It is unlikely that these changes are completely re-
structed to the last layer of the semiconductor [2]. The large atomic rearrange-
ments must lead to large changes in the electronic structure associated with the
surface. Thus, our older models (and even that of Fig. 1 insofar as it is inter-
preted in those terms) must be abandoned and we must think in terms of a lattice
and thus, electronic structure which are unique to the surface region. This is
reflected in recent theoretical work which calculates the local density of states
layer by layer as one moves from the surface into the bulk [4].

T T e it ey

The rearranged surface atoms are not lattice matched to the bulk crystal.
This results in distortion of the bulk lattices for at least one additional
layer of atoms Beneath the surface. Because of the lattice mismatch, a large
! strain field can be expected in the outmost surface layers. The difference fn
crystal structure within the surface unit cell shouid produce a surface lattice
vibrational structure different from the bulk. This will be impartant fn ex-
plaining observed phenomena in this paper.

A key concépt which has been brought into focus by the removal of surface
states from the bandgap region (Fig. 1) is the distinction between intrinsic and
* extrinsic surface states. Intrinsic refers to the states characteristic of the
perfect (albeit rearranged) surface. In contrast, the extrinsic states are those
due to defects, either structural or impurities, at or near the surface. The
extrinsic bulk states are of such importance because they dominate the electrical
and thus the practical applications of semicenductors. This would be a very ob-
scure meeting, were it not for practical implications of the basic work reported .
here; however, it is not the surfaces of semiconductors but their interfaces with, '
far example, metals and insulators that are of practical importance. There is
a critical point which we must test. Are the extrinsic states, ¢reated by per-
turbation of the clean surface by the sub-monolayer quantities of foreign atoms,
pertinent to the states determining the electric characteristics of interfaces
between the semiconductor and the thick metal or oxide layers characteristic

of practical devices? A prime objective of the research described here was to

determine whether such a connection exists.

Let us now be more explicit in outlining our objectives. They are: (1) to de- -
termine the extrinsic surface state formed in the bandgap by deposition of oxygen -
or metallic atoms; (2) to attempt to determine the nature of extrinsic surface
states so created; (3) to see 1f such states are relevant to the states which
form the interface states governing the electrical properties of metal: or oxide:
semiconductor interfaces; (4) to see 1f a new and difintitive model for Schottky
barrier height and 3-5: oxide interface states can de developed. The change of
the surface Fermi level (Egg) with increasing surface pertyrbation (produced for

. . example, increasing the number of forefgn atoms placed on the surface) gives

- {nformation on the energies and density of the extrinsic states so induced.

-2«
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Effxx. Measurement of the Surf;ce Fermi Level Positicn and Other Comments on
Experimental Techniques

Photaemission provides a method of directly measuring E¢g [5). The essence
of such a measurement is shown in Fig. 2. In the lower part of the figure we
indicate schematically the band structure of a metal (Au) and semiconductor
(GaAs); however the semiconductors with identical bulk doping have different
densities of extrinsic surface states. For the semiconductor in the middle,

this density is sufficiently laow so that the surface and bulk fermi level
positions are the same; for the semiconductor on the right, the extrinsic sur-
face state density is large enough to pin E¢¢. In our experiments we started
with an unpinned surface for either an n- or p-type sample, perturbed the sur-
face by deposition of a metal or oxygen, and measured the movement in Efg (see
Fig. 3). As shown in Fig. 2 a downward movement of the surface Fermi level (Egg)
produces an equal upward movement of the valence band maximum and other valence
band structure such as the sharp peak near the bottom of the EDC. If E¢g moves
downward by an amount -af¢g, the valence band.structure (or core levels - which
are often accessible} moves up by an equal amount. In this way Egg cin be locat-
ed to £ 0.1 eV or better. The photon energy is chosen so that the structure
originates only from the last few layers of the semiconductor, whereas the

band bending extends over a much larger distance. Thus, we determine the EDC's
changes and Efg at the surface.

E¢>hv: INDEPENDENT OF
EMITTER MATERIAL
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Fige 2 Determination of Efg

The reader is warned against experiments (such as Kelvin prove measurements)
which measure the work function (rather than Egg) as metals or oxygen are added
to the surface. The work function depends not only on Efg but also on the elece
tron affinity, €5, which will also change. Error may develop because of the
difficult in separating changes in these two parameters. Data exists in the
1iterature in which unreliable means have been used to make this separation.
Data so obtained and conclusions drawn therefrom are not reliable [6].

The surface Fermi level measurements were essential to these studies.
However, they were not sufficient. Critical to these studies and the insights
- presented in this paper are a wide range of photoemission data using tunable
- synchrotron monochromatic radiation as a photon source. The unique capabilities
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£ provided by synchrotron radfation are given in detail elsewhere (2] and will not be
* described here. We will also make use of Sputter-Auger data. Considerable
effort has been spent at Stanford in refining these techniques.

One thing common to 211 of our photoemission measurements fs that we can
1imit the depth sampled in photoemission measurements to the last two or three
layers of the semiconductor. This is done by choosing a photon energy of the
excited electrons to place them in the minimum of the escape depth versus kinetic
energy curve for GaAs or other 3-5's. The escape depth versus kinetic energy
curve is available in the literature [8]; it has a broad minimum of about

Mt

e

5} § R centered about 60 eV.
i
f:’ I1I. Changes of Efg on GaAs, InP, OXYGEN EXPOSURE (langmuwsi
! and Gasu(llos due to Adatoms 2 w0t ot “
1 Sveen on pes sy
; The largest single surprise that
{ came from this work was the realiza- g o i ok 4
tion that oxygen and metals pinned
the surface Fermi level at approxi- [
mately the same position. This is
3 i1lustrated by Fig. 3 where the move-
- ment of E¢g for n- and p-type GaSb r- P T —
: is plotted as metals or oxygen are o5 ‘w"’m R X
b added to the surface. Note that the METAL COVERAGE (menetayer]
’ shape of the curves and the final
¢t pinning positions, Egge, are similar .
(7). 1In Fig. 4 Egef is given for Fig. 3 Egg vs. coverage
3 number of metals and oxygen on InP,
: GaAs, and GaSb. The accuracy of these
' ,  positions is = 0.1 eV or better. For FERMI LEVEL on
these measurements to be possible the PINNING ap
. clean surface must be prepared in such o
i a way that the extrinsfc surface state w oo
delﬁity és s!fﬁcienﬂy Tow (less than 1.2 GoAs (110)
-1012/emé) so that it does not meas-
urably affect the pesition of E¢s. o8 0. 0.0 -
. Only by cleaving in ultra-high vacuum A s - | €q
have such surfaces been obtained to 06 o
date [2]. These results are striking
in that Eegr depends strongly on the VY VAT Y Y VAR

semiconductor but not on the adatom
even though these adatoms span the elec-

ENERGY ——

tronegativity curve (from Cs :hrough o RV AN AN AV, - - . :

Au to oxygen). This {s a key finding o G0 $2(110) i

and we will return to it often in 04 &

using our data to underStand the phy- o. ° 6 o N i

sics and chemistry taking place. YA ATV AT VI

Another critical potnt {s the coverage e A2 A/ Oy AvEM

at which Efer is obtained. This

1s as little as 0.1 of a monolayer (M) WKL L L L L LLL 2

for metals and even less for oxygen. v wemoy  $

This again will be very important in °
(  understanding the mechanisms of Fermi 08 e £ X
- level pinning.[9] )

04 -
IV. The Mechanism of Fermi Level Pinning l oo

s/ / 7/ AG 7 Om 4VBM -
The pinning takes place at coverages it ~ 4
where many adatoms are acting almost as OVERLAYER PRODUCING PINNING (Sub-Manoiorer)
. as individual atoms. How can atoms with

i
‘ T such different atomic orbitals fnduce Fig. & Eggs vs. adatom

-4-
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VER
'e:;;states which has tdentical energy (8]7 Reflection leads to this: the adatoms

do not directly produce the extrinsic surface states; rather, they indirectly
induce the states which do the pinning. Logic indicates that the induced states
are Jattice defects such as vacancies or defect complexities due to vacancies.
We believe it {s most likely that the defects lie just below the surface. Theory
suggests that the energy of the defect will depend on its position with regard to
the surface for the first one or two surface layers and then will reach a con-
stant value independent of position. If the defect were on, or sufficiently
near the surface, it would be expected to interact with the surface impurities
and thus the energy level would depend strongly on the identity of the adatom;
this is not seen. The defects formed in this study are probably the simplest
which are stable, {.e. immobile at room temperature since they were formed under
the most “gentle” conditions avatlable to us with the crystals at room tempera- .
ture (2,5]. (It is very important that future studies be made as a8 function of
temperature.) For the metals, the evaporator was well away from the crystal and
depositions were made for short times to avoid long exposure of the crystal sur-
face to the thermal radiation of the deposition system. There was no evidence
that the average temperature of the crystal surface rose appreciably during de-
position. The oxygen is added using great care that only “unexcited® oxygen {s
used, 1. e. oxygen in the molecular ground state. It is now well-established that
the “excited" oxygen not only can increase the sticking probability of the oxygen
but in some cases - e.g. GaAs - can drastically change the surface chemistry [10].
Using the Efr (Fig. &) and other inputs, we have derived the energy level dia-
gram (in Fig. 5) for the extrinsic surface states. Also indicated are our sugges-
tions as to the electrical classification of the levels (i.e. donor or acceptor)
and the missing atom responsible for the defect.

UNIFIED MODEL FOR INTERFACE

The most difficult and uncertain task STATES AND SCHOTTKY BARRIERS
{except for Gasb) is determining the ,c8,
identity of the missing atom which gives l.ar-a--a4- 0.75ev-ACCEPTOR DUE

rise to a given energy level. For Sb, e
the choice was easy: (1) because the re= Gaas 8 &
moval of Sb from GaSb due to deposition ==~ 0.5 ev-DONOR DUE
of the metal was so apparent and (2) be- OvET TO MISSING Ga
cause an energy level at the same posi-
tion as that reported here had long
been established to be due to the mis-

| TO MISSING As

sing Sb atom. The complex is generally 1.3 L.CBZZ]  1.2ev-DONOR DUE

thought to consist of a Ga in a Sb site ! - TO MISSING In

*t{ed" to a nearest neighbor Sb vacancy InP Eg . “®T™~ 45 ev-acCEPTOR DUE

[2) To make the assignment for As, we o | TO MISSING P

note that pinning is often observed on V8 7A

clean cleaved n-type GsAs sample [2]. S

However, it is less common to find any
pinning on a cleaved p-type sample. Ar-

guing that one is much more 1ikely to 0.7 L8 :

lose As than Ga in the cleaving process, GoSe m

we assocfate the 0.7 eV level with a L va</' 0.1 ev-ACCERTOR DUE
- 1oV P [+]¥]

missing As. The {dentity of the levels

in InP {s even more difficult. Our W0 MISSING Sb
suggestion was parallel with the well . .
established GaSb case and our identity log (INTERFACE STATES) :

of the 0.7 eV GaAs state, {.e. missing Fig. 5 Surface defect levels

column 5 elements (at least under our -
conditions produce acceptors). We found additional support from the work of -
others (9). However, Willtams et al [11] have come to the opposite conclusion :
from ourselves as to the missing atoms [12]. Considerable theoretical work is -
underway [13]. This confirms the general trends shown in Fig. 4 and 5. However,

the calculations are very difficult for a number of reasons and detailed agreement

between experiment and theory can not be ¢laimed.

-5-
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}éi;V- Mechanism of Defect Formation

That lattice defects may be formed by oxide growth has long been recognized.
As we will discuss later there is reasonable correlation between energy level
positions found in this work and those at the interfaces of such thick device ox~
ides. However, we find the formation of these levels by only a few percent of a
M1 of oxygen. Further, there is strong evidence that the oxygen is in the form
of a surface "chemi-adsorbed" species rather than bulk oxides [2]. Thus, we must
suggest a mechanism which can occur under these conditions as well as for thicker
oxides. It {s now essential that the reader review fig. 1 and Section 1 to recall
the remarks made about surface lattice strain inherent in the clean reconstructed
surface. We will continue that discussion by mentioning that it has been estab-
lished that the sharpness of the surface valence band gives a sensitive measure
of the crystalline perfection of the surface [14]. The occurrence of pinning of
the Fermi level at the surface is the most sensitive test of surface perfection.
For cleaved surfaces, there is a strong correlation between E¢g pinning and
reduced surface valence band EDC sharpness [15].

The Egge OCcurs at roughly the point at which surface "valence band® disorder
occurs, f.e. the sharp valence band structure abruptly disappears [2]. LEED studies
as a function of oxygen exposure (taking care to use only unexcited molecular
oxygen) shows that the first layer of atoms becomes disordered with less than
a monolayer of “chemi-adsorbed” oxygen [16]. Return again to Fig. 1 and realize
that, if oxygen removes electrons from a surface As atoms as experiments clearly
show, As will attempt to form a new band configuration. This may add a new,
local strain field to that already present. The surface valence band and LEED
data indicate that this additional strain is enough to disorder the surface.

One mechanism for relief of strain is the creation of lattice defects. E¢g
movement shows that this clearly begins to occur well before the surface disor-
ders [15). The correlation with “thick" oxides interfacial energy levels
indicates similar levels are produced in that case.

For deposited metals, there is no intrinsic ot 120 ¥
need for semiconductor material to be incorpo- Se-ée

rated into the ad-layer. The textbook model P
of a Schottky barrier has usually assumed a ESTIMATE OF
completely abrupt junction between the semicon- a-36 T
ductor and metal. Our studies (example of which > ne
is given in Fig. 6) show that this is not the
case. Remembering that our photoemission exper-
iments sample only the first few layers at the
syrface, we see in Fig. 6 that the d~core lev-
els of both semiconductor components (Ga and
Sb in this case) are clearly seen on the clean
surface. The Ga intensity falls off as Au :

» )
surface segregation effects were seen. These ‘f\\__Jl
core studies were confirmed and additional
{nformation was given by Sputter-Auger studies %
(17). The experiments ruled out the possibil- BINGING ENERGY (ov)
111ty of artifacts due to "pinholes" or other
nonuniformities in the films. Fig. 6 Au on GaSb

NE] (Aedtrary umits)

is deposited (although much slower than for an
abrupt junction) and the Sb intensity is little
diminished even for thick metallic layers
{suggesting surface segregation of Sb). The
results for GaAs and InP were similar with

the exception that no strong preferential

QLEAN

-
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Covalent semiconductor bonds must be broken in order to move semiconductor
atoms into the metal. What provides the activation energy for this? The bulk
phase diagram does not favor such movement for a number of the systems {nvesti-
gated. Note also that the E¢o¢ 15 reached with much less than a monolayer of
metal, again arguing 2gainst bulk compound formation. Only when we realized that
the heat of adsorption of the metals is comparable tc or larger than covalent
bond energies did a possible explanation emerge. It should be recognized, at
once, that the heat of adsorption is a purely surface quantity and cannot be
predicted in terms of the bulk heat of formation or reaction. For example, Cs
forms no strong compounds with Ga or As but the heat of adsorption of a Cs
atom on a clean GaAs surface is over 60 K cal/mole (~3 eV). In contrast the
heat of condensation of Cs on bulk Cs is only about 20 K cai/mole (~1 evV).
There is 2 lack of direct information on the heat of formation for the systems
of interest. Only for Cs are precise numbers available. However, the indirect
evidence suggests that the heats of adsorption are high, e.g. over 90 K cal/mol.
(4 ev) for Au [2] on 3-5 compounds.

- - ATOM

Figure 7 shows the detailed mechanism we - f:" o
propose to explain both the intermixing and - X E. WOY IMPORTANT-
defect formation during metal deposition. The Goas | Tod smarcr .
heat of adsorption produces a local smatl
“thermal spike”. Oue to the surface strain
and surface-bulk phonon mismatch, an atom is D ACEENTARY]  METAL-ADSORBED
occasionally ejected (about 1% occurence), ) //7 GVE ub eat OF
producing a defect. Because of the care with Z71 260 Kearimon. (2.8 ev)

which the foreign atoms are added to the sur-
face, we probably are dealing with the simplest

stable defect. Subsequent heating or “hot" d
depositions could produce larger and mare comp- ‘aso® <7 METAL
Yicated defect centers; however, as will be LS I ATOM EROM

discussed in the next section, it appears that
the resulting energy Tevels are only shifted

by a small amount {(usually less 0.2 e¥). In Ga Sb TMICK METAL
InP, where the donor lies above the acceptor, ot o TrreR WETAL
H;]Hans et al (N) an? Farrow et al (8] have Zo%lps ® semconoucron
obtained striking results. ) s ]

’4::: S §¥3§ééirm_o- se

VI. Correlation with Device Structures and EXCESS @ ss OEFCIT

the Unified Model St @dvmemeta

. ® G nmETAL
The values of Eges (for metals see Fig. §)

are in surprisingly good agreement with those Fig. 7 ODefect formation
found previously from Schottky barrier heights mechanism
[2,9). There is also surprisingly good agreement
batween Efgs (Fig. §) and the oxide: 3-5 interface states (2,9,19]. This
has led to the formalization of a unified mechanism for the formation of Schottky
barriers or the 3-5: oxide interface states [9]). It is unified because, to the
first approximation, the same lattice defects provide the dominant energy levels.
This also clears up 2 long standing mystery for 3-5 Schottky barriers. In contrast
to St, 3-5 Schottky barriers are surprisingly insensitive to the surface condi-
tions before metal deposition, i.e. to air, the presence of a few layers of
oxide, as opposed to atomically clean starting surfaces. Since (as has been
established in this work) the same defect levels and thus Egce are provided
by oxide and the metals for 3-5's, there should be little sensitivity to surface
oxide as is observed.

The inversion of the acceptor and donor defect levels on InP, make Efg oOn




3o

——

o

N i T e s 1A 1 el

e e e I LIl L L L s

Spicer et al, Fermi Level Pinning at 3-5 Semiconductor Interfaces

3£i§this materfal very sensitive to the relative number of acceptor and donor
defects [9, 12,20). In practical structures, it is found that Changes in
processing can change the dominate defect level and thus the Schottky barrfer
£11,18] height on InP or the dominate defect level [21] for InP: oxide (MIS)
structures. Both effects are well documented [9,11,12,18,21). In Fig. 8 we
indjcate the defect levels we deduced for InP and the interface state density
found SZIJ using CV techniques by preparing InP MIS structures in different ways
[12,21]). Good agreement is obtained between our results and the observations
for the MIS devices [12).
MOS DEVICES

Fig. 8 is presented to highlifight an
other effect discussed at the end of
Section 5. We beljeve that we have iden-
tified the simplest stable defects. In \
real processing more complex defects may %1 2% S
be formed or the simple defects may be e
distorted by strain, etc. Thus, in prac- [-X3
tical cases, one tends to see rather v
continucus distributions of states rather 44
than simple delta functions as might be
expected 1f only the simplest stable de- o

A\ \CRMOUETION 8aND |

1 WIEDER 2210 em?

fect levels were present (12]. R I T S R R
0 2 [ Y [ 8 72 14 16
In conclusion, studies of Ef combined Ny, (107/ev-cm?)
with other measurements have a ?owed us

to develop an understanding of 3-5 sur-

face and interfaces on an atomic level. Fig. 8 Interface states-MOS device
A critical result is the realization

that the 3-5: metal or oxide interfaces are not ideal but are dominated by the
same defects. Thus, a Unified Model has been developed to explain both Schottky
barrier formation and gap states at 3-5: oxide interfaces. Although these de-
tails could not have been deduced previously because of the lack of sufficient
experimental data, Phiilips [22] is rather unique among theorists in predicting
the importance of the metallurgical and chemical interactions at the interface.

References

[1] L.F. Wagner and W.E. Spicer, Phys. Rev. Lett. 28 (1972) 1381;
Phys. Rev. 8 9, (1974) 1512
0.E. Eastman and W.E. Grobman, Phys. Rev. Lett 28 (1972) 1378.

{21 An excellent view of these developments can be obtained from the Proceedings
of the Physics of Compound Semiconductor Interfaces, pubiished as J. Vac.
Sci. and Tech. 13, No. &4 (1976); 14, No. 4 (1977); 15, No. 4 (1978); 16,
No. € (1979); and 18, No. 5 (1980); in view of this the number of indfvidual
references will be drastically limited.

[3] J. Barton, W. Goddard [1I, and T. McGill, J. Vac. Sci. and Tech. 16, (1979)
1178, and ref. therein. .

(4] See fnvited papers by J. Chadi and M. Cohen in these Proceedings and ref.
therein.

{5) P. Skeath, 1. Lindau, P.W. Chye, C.Y. Su and W.E. Spicer, J. Vac. Sci. and
Tech. 16 (1979) 1143.

{6) L.J. Brillson, R.Z. Bachrach, R.S. Bauer, and J. McMenamin, Phys. Rev. Lett.

~ 42, and ref. therein.

[7] CeM, G‘m‘r. C.Y. Su. W.E. Spicer, P.D. EM“. 0. Mf”.l", and J.S. N‘"is.
Appl. Phys. Lett. 34 (1979) 610.

{8] ;; Pianetts, [. Lindau, C.M. Garner, and W.E. Spicer, Phys. Rev. B 18 (1978}

(9] w.E. Spicer, [. Linday, P. Skeath, C.Y. Su, and P. Chye, Phys.
Rev. Lett. 44 (1980) 420, and references therein.




Spicer et al, Fermi Level Pinning at 3-5 Semiconductor Interfaces

':.;(10] P. Pianetta, I. Lindau, P.E. Gregory, C.M. Garner, and W.E. Spicer, Sur.

Sci. 72 (1978) 298.

(11] R.H. Williams, R.R. Varma, and A. McKinley, J. Phys. C 10 (1979) 4545;
T. Humphreys, M. H. Patterson and R.H. Williams; J. Vac. Sci. Tech.,
Oct.-Nov. (1980) in press, and ref. therein.

[12] W.E. Spicer, I. Lindau, P. Skeath, and C.Y. Su, J. Vac. Sci. and Tech.,
Oct.-Nov. (1980) in press.

[13) M.S. Daw and D.J. Smith, J. Vac. Sci. and Techn. 16, Oct.-Nov. (1980) in
press and ref. therein;
M. Nishida, Surf. Sci., in press.

{14] P. Skeath, W.A. Saperstein, P. P{anetta, 1. Lindau, W.E. Spicer and Peter
Mark, J.Vac. Sef. Tech. 15 (1978) 1219.

EIS% W.E. Spicer, P. Pianetta, 1. Lindau, and P.W. Chye, J.Vac.Sci. 14 (1977) 8ss.

16] A. Kahn, 0. Kanani, P. Mark, P.W. Chye, C.Y. Su, [. Lindau and W.E. Spicer,

Sur. Sct. 87 (1979) 325.

{17] P.W. Chye, 1. Lindau, P. Pianetta, C.M. Garner, C.Y. Sy, and W.E. Spicer,
Phys. Rev. B 18 (1978) S545.

[18] R.F.C. Farrow, A.G. Cullis, A.J. Grant and J.F. Patterson, J. Crystal Growth

45 (1978) 292.
(19] W.E. Spicer, I. Lindau, P. Pianetta, P.W. Chye, and C.M. Garner, Thin Solid

Films 56 (1979) 1.
[20] ?i:isghigé C.Y. Sy, C.M. Garner, P. Pianetta and W.E. Spicer, Sur. Sci. 88
[21] H.H. ueide;, pa. 234; O. Fritzche, pa. 258, Inst. Phys. Conf. No. 50,

Ed. by G.G. Roberts and M. J. Morant (The Institute of Physics; Bristol

(1980). .
[22] J.C. Phillips, J.Vac. Sci. and Tech. 11 (1974) 947;
J.M. Andrews and J.C. Ph1111p§, Phys. Rev. Lett. 35 (1975) s6.




T T e — T L Il L e T e e -

APPENDIX G




TN Wy g - -

3rd Symposium Appl. Surf. Anal. 1980), tc be published in Applic. Surf. Sci.

ABSTRACT

A Unified Model for Schottky Barrier Formation and MOS
Interface States on 3-5 Compounds

W. E. Spicer, I. Lindau,”C. Y. Su and
Department of Electrical Engineering, Stanford University
¢/o Stanford Electronics Laboratory, Stanford, CA 94305, U.S.A.

The object of the work reported here has been to develop an understand-
ing on an atomic basis, of the interaction between semiconductor and
metals or oxygen overlayers which determine the electroni¢ characteristics
of the interface, e.g. the Schottky barrier height of metal-semiconductor
interface or the density and the energy position of oxide-semiconductor
interface states.

The principal experimental tool used has been photoemission excited by
monochromatized synchrotron radiation (10<h2<300eV). Extreme surface
sensitivity is obtained by tuning the synchrotron radiation so that the
minimum escape depth is obtained for the excited electrons of interest.

In this way only the last two or three atomic layers of the solid is
sampled. By changing hy, core levels or the valence bands can be studied.
Using a metallic reference, the Fermi level position at the surface, Efg,
can be directly determined.

GaAs, InP, and GaSb have been studied. On a proper cleaved surface, there
are not surface states in the semiconductor band gap; thus, no pinning of
Efg. Pinning of Efg can then be monitored as metals or oxygen are added

to the surface--starting from sub-monolayer quantities. Two striking
results are obtained: 1) pinning position is independent of adatom for
oxygen and a wide range of metals, and 2) the pinning is completed by much
less than a monolayer of adatoms. These results can not rationally be ex-
plained by. the pinning being due to the levels produced directly by the
adatoms. Rather, they suggest strongly that the adatoms disturb the semi-
conductors surface forming defect levels. This is supported by appearance
of the semiconductor atoms in the metal and by the disordering of the semi-
conductor surface by sub-monolayer quantities of oxygen. Since these basic
experiments have been reported previously they are only reviewed briefly
here.

When metals or oxygen are added under very gentle conditions, the following
levels are formed (all energies relative to the conduction band minimum).

[ri{-v Acceptor(Missing Atom) Donor(missing Atom)
GaAs 0.65 ev (As) 0.85 eV (Ga)

InP 0.45 eV (P) 0.1 eV (In)
Gasb 0.5 eV (Sb) below VBM (Ga)

These results explain why Schottky barrier gates will provide useful FET's

on n-GaAs but not n-InP. Likewise they predict that MOS or MIS gates will

be practical for n-InP but not n or p GaAs. Studies of the oxygen surface
chemistry find the As oxides to be unstable and P oxides to be stable--rein-
forcing the prediction. Recent work of others is reviewed and alternate
jdentification of the missing atoms in the defects is discussed. Some of the
new process possibilities opened up by this work are considered.
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Symposium on Applied Surface Analysis has been published, it would be

THE UNIFIED MODEL FOR SCHOTTKY BARRIER FORMATION AND MOS*
INTERFACE STATES IN 3-5 COMPOUNDS

W. . Spicer®, I. Lindau, P.RSkeath, and C.Y. Su
Dept. of Electrical Engineering
Stanford University
Stanford, CA 94305

Introduction

As much of the material in our oral presentation at the 3rd

inappropriate for the written version of the publication to reproduce

that material. Rather, this paper will hcve five purposes:

1)

2)
3)

4)

5)

to briefly outline the experimental data which lead to the develop-
ment of the "unified” model,

to briefly summarize the "unified" model,

to outline recent work of others both theoretical and experimental

related to the "unified" model,

to show how critical choices on devices can be made (using present
device technology),
to point out ways that the limitations inherent in (4) might be changed

by new device processing technology.

Work supported by ARPA under contract No. NO0014-79-C-0072 and ONR
under contract No. NOOO14-75-028S.

Part of the experiments were performed at the Stanford Synchrotron
Radiation Laboratory which is supported by the National Science
Foundation under Grant No. OMR77-274S9 in cooperation with the
Stanford Linear Accelerator Center and the Department of Energy.

Stanford Ascherman Professor of Engineering

-1-




. g vt

Lt

11. Experiments Which Resulted in Deve1gpment of the
"Unified Defect Model"

A range of conventional experimental techniques including LEED], Auger

(the use of Auger was minimized because of the electron beam damage

to the surface), and UPS2+3 with conventional sources were used in this
work. However, the use of synchrotron radiation from the Stanford Syn—
chrotron Radiation Laboratory (SSRL)4 for UPS (10 < hv < 200eV) was
essential toﬁEhis work, since the tunabilit! of synchrotron radiation made

poss1b1e& ,Key experiments 1nvolve§'exam1n1ng core and valence levels

of the last cne or two molecular layers of the semiconductor at the

‘surface.5-8

Another critical technique was the direct measurement of the sur-
face position of the Fermi level, Eggs DY photoemission.7’8’9 It should
be emphasized that we directly measured Efg. Such measurements should

be distinguished from those of others!0 who have measured changes in

work function and attempted to deduce Egg from these and auxiliary

measurements.

Oﬁ a "well cleaved? (110) surface of most 3-5 compounds, E¢. is not
pinned since rearrangement of the near surface atoms.move the intrinsic
surface states out of the band gap,6-8--thus one can start with a surface
where Egg is at the bulk Fermi level position. Both n-type and p-type
crystals, with near degenerate doping levels, were used so that the Fermi
energy on the clean surface was near to one of the band edges. Then by
adding foreign atoms such as oxygen and metals and watching the
movement of Egg until it becomes pinned, one can determine the new
energy levels induced at or near the surface.

The key results from this study were the findings: 1) that the

Efg pinning poﬁition was essentially independent of ad-atoms, i.e.

-2-




(se¢ Fig. 1b)

it was at the same position independent/of whether the ad-atom was
a metal (Cs, Al, In or Ga) or oxygen’ and 2) that the pinning was
cr s ) K———f——(see ng.ia,)
stabilized by much less than a monolayer of the ad-atom¥ On this
basis, the popular theories of Schottky 6-8,12 barrier formation
could be discarded (howéver, the results were in the direction sug-
gested by Phillips and co-workers!l). Since the ad-atoms must all
be inducing the same surface or “near" surface states, the only
reasonable conclusion was, that these states were due to a structural
defect produced by the perturbation due to the ad-atom on the surface
lattice.
It should be noted that the free surface was highly strained by
the rearrangement which moved the intrinsic surface states out of
the band gap.!3 It is well established that oxygen adsorption disorders
the surface lattice--a process in which defects would be expected to
be produced.6,13 with metal ad-atoms, experiments at SSRL monitoring the
core levels of the‘compohents of the 3-5 compounds showed that on deposition
of many monolayers of the metal, the column 3 and column 5 constituents of the
semiconductors moved into the metal.6-8,12 A detailed mechanism which provides
the activation energy for this has been suggested. 6-8,12
As will be seen in the next section, others have since found
independent support for the defect model. It is formally titled the
"Unified Defect Model", since it simultaneously explains Schottky
barrier formation and the origin of the 3-5: oxide interface states ’
in MOS or MIS structures as being due to the creation of the same
defect states.

Making use of the movement of Ess with deposition of ad-atoms6‘7.

-3-
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the de}ect levels in Fig.ji have been deduced. ' The energy positions are
considered to be quite firm within the experimental error of + 0.1 eV;
The defect type (n- or p-) is also considered quite certain (a n-type
surface defect lTevel can donate an electron to the bulk whereas p-type
surface defects can accept an electron from the bulk. In GaAs and InP
the origin of the defect associated with the energy level, (e.g. a
dei.:t due to a missing As in GaAs,) is considered quite tentative.
Other suggestions which have been made by Williams!5 for InP, and by
Harrison16, Grant et al,17 and Monch et all8 for GaAs are also indicated

2
in the caption of Fig.;XQ The identity of the defect for GaSb is

" thought to be quite certain as it agrees with that for bulk GaSbl19.

: 2
The energy levels shown in Fig.;X(also agree as well as can be hoped
for with Schottky barrier heights and oxide:. semiconductor interface levels
found in device structures.6-8,12 1t should be noted that, while all of our

measurements were made on the (110) cleavage face (the crystal were

. cleaved in situ at 10-10torr), most of the device structures were

made on (111) or (100) faces of the 3-5's. The theoretical work of
Daw and Smith20 shows that, if the defect levels lie two or more molecular
layers beneath the interface, they will be characteristic of the bulk
and thus not depend on the crystal surface. The experimental results
mentioned above suggest that this is the case as do other arguments8-8,12

It should be emphasized that the metal ad-atoms in our experimnets
were deposited as gently as possible (by evaporation) and that the crystals
were not heated during or after deposition. The defect formed may be vacancy
or defect complexes as in the case of Gasbl9 (i.e. “"clusters" of two
or more defects). Heating or other treatment may change a vacancy into

a complex or change the nature of a complex. However, if this is happening

-4.




for the defects of interest here, the energy levels are changed by only
small amounts (of the 0.leV), because the Schottky barrier heights and

positions of MOS interface states agree so well with results obtained in

~devices processing where the samples are not treated so gently.

I1I. Recent Work of Others

As mentioned above, we are in agreement with Williams et alls for
InP except for the assignment of the missing species producing the defect.
There is also agreement with Farrow et al 6-8 in the location of the

~

InP defect energy levels. 2o \
The theoretical work of Daw and Smith%fkbased on a simple As vacancy
gives the observed systematics, as well as insight associated with the
vacancy levels as it is moved from the surface into the bulk.
Wieder2) has studied the Fermi level pinning position by measuring the
highest filled level in MIS structures in the system GayxInj.xAs (n-type)
as x is ihcreased from 0 to 1. He found that he could explain his data if
he assumed that the pinning was due to a anion vacancy level which was
at a fixed height,'0.53ev, above the valence band maximum, independent
of the composition of the GayIy_xAs. The result of a constant vacancy
level due to an anion vacancy 1eg$1 is in agreement with recent ab initio
calculations of Daw and SmithZ'for the alloy system.
Gatos and co-workers,23 making use of the GaAs-oxide interface states
in a “photo-transitor” mode, have detected directly the level near 0.7 eV.
Monch et al,18 measuring the charge in contact potential of a GaAs surface as:
a function of temperature, have located both GaAs defect levels shown in
Fig. ;Zand find agreement with our energy asignments. Making cgrtain

assumptions, they deduce from their data (as indicated in Fig. XQ that

the levels shown in Fig. )Xare both due to the same defect associated with
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a missing As atom. The defect can either accept an electron or a hole in

agreement with the theoretical consideration of Harrisonl6 and interpreta-
tion of their own data by Grant et all7,

Considerable work is underway on the defect model. For good collections
of articles, the reader is referred to the Proceedings of the Eighth
Conference on the Physiés of Compound Semiconductor Interfaces24 (and
the Prﬁceedings of the 15th Internationai Conference on the Physics

5': _ of Semiconductors2®. ,@f particular interest are some of the theoretical

work of Allen and 92@24'who.suggest that a surface anti-site defects are
responsible for the interface pinning. The calculations of M. Nishida2s
-and the measurements of H. Hasegawa and T. Sawadal5 should also be
noted.

IV. Critical Device Choices Which Can Be Made In Context Of Existing

Process Technology

An extremely important consequence of the "Unified Defect Model"

2 .
and the energy levels shown in Fig. X is the choice of the type of gate for 1

FET's made with GaAs and InP. Because the energy levels of GaAs lie near
mid-gap; it forms relatively high Schottky barriers and thus provide good
Schottky barrier gates for FET's (Skeath et al26 have recently showed

that even larger barrier heights may be possible on n-type GaAs). However,

the depth of the defect levels make GaAs very unfavorable for MOS application.
This problem is compounded by instability of the As-oxides27.28,
Because of the position of the defect levels in InP if near the con-

duction band minimum it gives too small a Schottky barrier height for a

j practical Schottky gate on n-type InP. However, the low activation energy ?
i of the interface defect levels on n-type material makes it a good candidate y

for MOS or MIS devices. The fact 28,29,30 that there is not the instability
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problem for P-oxides which exists for As-oxides makes this model of
operation even more encouraging. In fact, Nieder.31 Meiners,32 and

co-workers33 have obtained very promising results in MIS operation

of InP devices.
In conclusion, if the results of the "Unified Defect Model" are
applied to making choices for FET configurations for InP and GaAs using -

existirg device processing, it is clear that GaAs could be only be

expected to work for Schottky barrier and not MOS or MIS gates. This is
in agreement with the practical experience, i.e. the succe§s with
Schottky barrier gates and failure (despite heroic efforts) with

MOS or MIS (it should be remembered that all existing MIS structures
have a thin oxide layer on the seiconductor surface before the insulator

is deposited) structures. Conversely, there has been no success with

InP Schottky gates but increasing success with MIS structure on Inp31-33,

V. New Device Possibilities

3 o e 5.

Once one know; the source of a given phenomena, new techniques
can be envisioned to modify or eliminate that phenomena. Knowing that
Schottky barrier formation and 3-5:oxide interface states are both
due to the same defects opens two closely related avenues. For example,

to modify the Schottky barrier pinning position methods one might reduce

the defect density and/or add dopants in the surface or interface region
in large enough quantities to overcome the effect of defects.
The work of Farrow et al ?§:3& in which the Schottky barrier height
of Ag-InP(100) was studied as a function of stoichiometry of the (100) face
illustrates the second point given above. If the polar face was saturated

with P before depositing the Ag, the Schottky barrier height was found to
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be very small (~0.leV below the conduction band minimum, CBM) in

2
accord with the donor level shown in Fig. X However, if no special

treatment were given the InP face prior to deposition of the Ag, the

normal barrier height of ~0.4eV was obtained in agreement with the

acceptor level in Fig.jﬁl Clearly the saturation of the surface
with P has inhibited the formation of the Tevel 0.4 eV below the CEM
(which we attribute to missing P) with respect to the 0.1 eV level
(which we attribute to missing In).

In Fig. icwe present what we believe to be the first clear example

of a dopant overwhelming the defect levels at the interface of a 3-5

- semiconductor. In our previous studies6-8.12 we have found that the Au

gave a pinning position on n-type GaAs somewhat nearer the valence
band maximum (VBM) than any of the other metals (or oxygen) studied(see, F';j. ib)
Therefore we determined to study Au in more detail. The results of

1e
Skeath et al 26 in Figure X give the results in terms of Eg . as

~a function of the amount of Au deposited on an atomically clean GaAs

(110) cleavage face. The curve for p-type GaAs is most instructive.

At low'coverages the Egg rises as it typically does for metals on GaAs
(see Fig.ﬁ. However, whereas the metals normally level (Fi.g.i)ar off
at the final pinning position given by Fig.;éi a reversal takes place
with Au, i.e. after E¢g reaches a maximum, it monatomically decreases
with increasing Au coverage. This indicates that two competing mechanism
involved in pinning Eg¢g. At low coverages the defect mechanism
dominates; at higher coverages, the acceptor level (lying near VBM)
introduced directly by Au (probably by Au moving into the GaAs) clearly

overcomes the defect levels and determines Efg. An important factor

for Au moving into GaAs is the atomically cleanliness of the starting
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GaAs surface. It appears that even a few layers of oxide greatly
inhibits this movement. Such layers are aiways present in "practical*
GaAs-Schottky barrier made on GaAs surface which have been exposed
to the air. This is the reason that this effect has not been ¢learly
seen previously.

Ip the discussion sbove we give two examples of the methods by
which the Schottky barrier height can be bhanged in real devices.
These should be taken as somewhat crude examples having been discovered
without the intention of controlling the barrier height. Making use
of techniques such as MBE, one can hope to design structure giving
the desired behavior and then develop processes to realize it. For
example, one might learn how to heavily dope the last ten or twenty
layers of n-type InP with an acceptor, e.g. Be or Zn, to make it
strongly p-type. The InP growth would then be terminated with In
and a metal deposited to form a Schottky barrier. This metal may be
an alloy containing In and appropriate heating schedules might be
developed. In this way,'the fo}mation of donors due to missing In
would be minimized and Efg will be determined by the Be or Zn acceptors
which 1ie near the VBM. In this way, a Schottky barrier height almost
equal to the band gap could be obtained on n-type InP--something
which has not proven possible to date.8,12 1n fact, the inability
to form a satisfactorily high Schottky barrier on InP has impeded
the practical application of this material greatly.

The above gives just one of many configurations which can be envisioned
based on the understanding of the fundamentals of Schottky barrier and
3-5: oxide interface formation material as outlined earlier. It should

also be noted that certain questions {see Scction II) rcomain as to the
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details of the defects involved. These questiohs need to be cleared up
definitively to give the firmest knowledge possible for the “"scientific”

engineering of new, improved device structures.
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FIGURE CAPTIONS

2 .
j&; The surface or interface energy defect levels obtained in this

work. The energy of the levels are consideréd to be well established
(within the experimental accuracy of +0.leV) as are the acceptor
or donor nature of the levels. The identification in termg\missing
anions or cations is less sure for GaAs and InP. For example,
Harrison [ref. 16], Grant et al [ref. 17], and Monch et al [ref. 18]
have suggested that both GaAs levels are due to the same defect and
associated this with a missing As; In InP, Williams et al [ref. 15]
bassociates the 1.2 eV donor with missing P and the 0.9 eV acceptor
with missing In. . ,
X /Surface Fermi Level (Efg) position versus 1ogaﬁ£;mn of Au coverage.
From the rise in Efg for Au at Tow coverages in the p-type .
1{ material, it is clear that the defect mechanism is working in
c) that region. The drop in Eg (above about SxIOM/cm2 Au coverage)
indicates the creation of a new interface level. This is believed
to be due to a new state being created by the Au in the GaAs.
1.:)( Surface Fermi level position (E¢g) in the energy gap of GaAs;
(a) As a function of metal coverages for three different metals
(A, Ga, and In) deposited on both n- and p-type samples. (b) The
stationary position of the Fermi level in the band gap after deposition
of a fraction of a monolayer of oxygen and various metals. The value

shown for Au at submonolayer coverage is considerably closer to the

valance band maximum than the values of other metals or oxygen.
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PHOTOEMISSION STUDIES OF THE OXIDATION OF Cs+ --IDENTIFICATION
OF THE MULTIPLET STRUCTURES OF OXYGEN SPECIES

Chung-Yi Su, I. Lindau and W. E. Spicer++
Department of Electrical Engineering
Stanford University
Stanford, CA 94305
ABSTRACT
Photoemission studies of the oxidation of Cs have been performed.
Four different states of oxygen were observed to be sorbed into Cs;
three of the four states have been definitively identified to be 0-2,
052 and 03. Little differential relaxation in the orbital energies
is observed for 052 sorbed in Cs, whereas significant differential
relaxation is observed for 0;. The difference is attributed to
the close-shell configuration of 052 and the open-shell configuration

of 05.
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The multiplet structure in the photoemission spectrum of free

(gas phase) atom or molecule produced by photoionizing an incomplietely
filled atomic shell or molecular orbital has been the subject of many
studies [1]. As has been pointed out by Rhodin and Broden [2], it is
important to address the question whether the multiplet structure of

a free atom or molecule can persist when that species enters a solid
state environment (e.g., chemisorption): Delocalization of the electrons
may reduce the coupling force giving rise to the multiplet structure,

and the charge transfer accompanying the formation of chemical bonds may

change the occupancy of the orbital under consideration and thus alter

~ the multiplet structure. Successful interpretation of the change of

the multiplet structure in going from free species to adsorbed species,

is therefore of key importance to many chemisorption studies. One species
of particular interest is oxygen. The multiplet structure of oxygen
molecules physisorbed on metal surfaces became available }ecently (33;
attempts have been made thereafter to discuss the chemisorption of oxygen
under other conditions in reference to the multiplet structure of physi-
sorbed oxygen. There are, hoﬁever, other oxygen species needed to be
considered in even the simplest chemisorption system. In this paper, we
report photoemission measurements of the adsorption of oxygen on thick

Cs films at low temperature ( ~140° K). Cs has a 1.6 eV wide valence
band which is separated by 10 eV from the next inner shell forming a wide
band gap. Oxygen states thus fall in this band gap of Cs and have minimum
intermixing with Cs states. Minimum intermixing of substrate-adsorbate
states is also expected from the large electronegativity difference
between Cs and 0. Formation of fonic oxygen species, such as 0'2,

052 and 03, can be anticipated in oxidizing Cs. The 0/Cs system thus
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provides a unique opportunity for exploring the electronic structure
of a series of ionic oxygen species. We will demonstrate the definitive

identification of multiplet structures of 0-2, 032

and 03.

The experiments were carried out in a stainless-steel ultra-high-
vacuum chamber with a base pressure of ~7 x 10-11 torr. Metallic Cs
was evaporated onto clean substrates cooled to~140° K to form thick
(> 200 R) Cs films. The light source used was synchrotron radifation
from the Stanford Synchrotron Radiation Laboratory (SSRL). Energy analyses
of photoelectrons were performed with a double-pass ;ylindrica?-mirror-
analyzer (Physical Electronics) and pulse counting electronics.

The discussion below will be divided into three parts. We will
first present photoemission spectra of the different oxygen states
that are identified. The spectra of these oxygen states are then
compared to the muitiplet structures of several free oxygen species.

To compiete the identification of the oxygen species formed in the
oxidation of Cs, we will also compare the observed binding energies
of various oxygen levels with the ionization energies of free ions.

‘The evolution of oxygen fnduced features in the valence band
region with increasing oxygen exposure is complex. Previously, Wijers
et al [4], showing difference curves only, have concluded the existence
of only two different oxygen states. We have compared results from
three different films with oxygen exposures ranging from 0.1 L to 200 L,
at which point the oxidation process appears to have reached saturation
and have identified four different states of oxygen. In Fig. 1, we
display four specra which are selected such that in each spectrum

features associated with one particular state of oxygen dominate.

These states are labelled 1 through 4 in Fig. 1 in the order of their
-3- . ]
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appearance in the exposure sequence. Binding energies of the features
of the four different states of oxygen in Cs are also summarized in
Table 1.

A few explanations of Figure 1 and Table 1 are given below. Three
features are actually observed for state 1 oxygen: one strong peak at
2.7 eV (labeled la in Figure 1) below Fermi level and two other weak
features at 4.4 eV (1b) and 5.4 eV (i1c). The two weak features with
higher binding energies were previously interpreted as part of the
multiplet structure for chemisorbed oxygen [2,4]. Here, by comparing
with the plasmon features associated with Cs-5p core levels, they are .
found to be a surface plasmon (1.7 eV) and a bulk plasmon (2.7 eV)
loss from the major oxygen peak at 2.7 eV BE side of the Sp levels.
Hence, state 1 oxygen is chafacterized by a single peak in the photoemission
spectrum. In the bottom curve of Fig. 1, some emission due to the three
features of the state 2 oxygen can also be seen. The strongly rising
emission overlapping with features 3c and 4e seen in Fig. 1 is due to
the onset of Cs-5p levels. .

We have also observed other spectroscopic changes accompanying the
transition between different states of oxygen. For example, whenever the
state 1 oxygen is observed (even with a significant amount of the state 2
oxygen mixed in ), the surface remains metallic as evidenced by: (1) electron
emissfon at the Fermi edge, (2) plasmon losses associated with the core
levels, and (3) low yield for both the primary and the secondary photo-
electrons when excited with 20-32 eV photon energies, which is a manifest

of a short electron escape depth characteristic of the Cs metal. When

the state 1 oxygen disappears completely, the surface becomes semiconducting

-4- |




T

AR

PE
@

R R TR 4 TR we L e Y 4l O

or insulating. More details of such changes will be given elsewhere.

In Fig. 2, we give the multiplet structure expected for ionizing,
from top to bottom, 0’2, 052 and 0. Since only the energy separations
will be compared, the leading peak is in all cases assigned as the energy
zero. The relative height of ithe multiplets of an oxygen species indicated
in Fig. 2 s simply the spin-orbit degaeneracy of the individual multiplets.
The spin-orbit degeneracies are true measures of the relative intensity of
these multiplets in a photoemission spectrum only if the ionization prob-
abilities of al} orbitals are equal.

In Fig. 2, we also indicated (with heavy short bars) the energy
positions of the multfplets of three experimentally obsrved states:
state 1 is compared to 0'2, state 2 is compared to 052, and state 4

is compared to 03.

The 0-2 ion has a close-shell configuration and gives a single
peak (ignoring the very small spin-orbit splitting). This is the only 7
oxygen species that give a single peak in the photoemisﬁion spectrum 1
(neutral 0 atom gives three multiplets when ionized, as does 0~); hence,
it ié identified with state 1.

A few words should be said about the source of the multiplet
structure for 052 and 05 given in Fig. 2 before evaluating the compari-
sons with state 2 and state 4: (1) The muitiplet splittings of the
052 ion are taken from the MCSCF calculation of Krauss et al [6] with the
0-0 distance being 1.49 %. The same values are also found in the com-

pilation of combined theoretical-experimental data by Krupenie [7].

(2) the multiplet splittings of the 05 fon are taken from the com-
pilation of Krupenie [7], whose results are in close agreement with

the more recent GVB-C] calculation [8], with the 0-0 distance being
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It is seen in Fig. 2 that an excellent agreement exists between

the multiplet splittings of state 2 and the 052 jon. The agreement
between state 4 and the 0, fon is not as good, but a one-to-one
correspondence for multiplets with binding energy lower than that of
the 3:; multiplet is clear. The multiplets ]wg, 1a,» and ]2;, if
present in the spectrum of the state 4 oxygen, are degenerate with the
Cs-5p levels and are not observable. (A hint of the existence of these
three multiplets in the spectrum has been observed as a reversal of the
relative height of the two 5p peaks.)

The hear1y perfect agreement between the multiplet splittings of
free 052 suggests that little differential relaxation has occurred

2 ions into

for different molecular orbifa1s when inserting free 03
solid environment. This is expectd from the close-shell configuration

of 052. Sincg all three molecular orbitals 309. Tmy, -and 1,@ are

fully occupied, little interaction of these orbitals with the solid
environment is expected. Iﬁ contrast, significant differential relax-
ation in the orbital energies of the 07 fon is observed when inserting

the free 05 ion into solids (the bottom paﬁe] of Fig. 2). This
differential relaxation can be related to the open shell configuration

of the 03 ion.

We now turn to the state 3 oxygen which has so far not been related
to a particular oxygen species. Since state 3 appears at oxygen exposures
intermediate to those required to produce state 2 (052, related to Csy0,)
and state 4 (07, related to Csy04), one may anticipate it to be related
to Cs203. In the work of Helms and Klemm [9], although the measured
magnetic susceptibility can well be explained by two 07 one 052 in the
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Cs4(02)3 formulae-unit, the structural study has failed to show two

types of geometrically inequivalent oxygen sites. 03 and 052 ions

are known to have significantly different sizes. Such difference in size,
however, appears to be suppressed in the crystal lattic of Cs203, so that
no special sites can be identified for either 0; or 052. It is not
inconceivable that the oxygen species in Csp03 is also indistinguishable
as far as the electronic structure is concerned and can be described

by an average configuration of Oéq, where q has a nonintegral value
between 1 and 2. Oxygen species with such an electronic strucfure may
also account for the spectrum of state 3.

Overall, we have seen that the multiplet structures of oxygen
adsorbed in the Cs films, with the exception of state 3, can be well
understood in terms of the mﬁltiplet structures of free oxygen species.

Above we have compared the multiplet splittings, or the relative
energy positions, of the adsorbed oxygen and the free .ions. Below,
we will attempf to predict the binding energies of the least bonded
multiplet of state 1, 2, and 4 from the first fonization energies of 0-2,
052, and 03.

The binding energy of an electron on an ion in a solid Ey is
related to the free ion jonization energy Ef; through the equation

Ex = Efy *Ep - Ep

where Ep is the additional binding energy introduced by the solid environ-
ment to the electron, and E, is the extra atomic relaxation energy

present in the photoemission process. To compare the calculated values
with the measured binding energies referred to the Fermi level, Ex

has to be corrected for the work function of the solid in question.




' The following details also enter the calculation: (1) For Csg0 and

Cs1103 clusters in Cs metal, the Ep contains an electrostatic term and

the remoralization energy of the free electron gas in response to the

oy~

. negative changes localized on the 0-2 ion; the latter term roughly
cancels the work function term and the extra-atomic relaxation energy
{10]. (2) For Csp0, there is a polarization term in Ep in addition
to a Madelung term as suggested by Tsai et al [11]. This polarization
1f%: ' term is about twice the extra atomic relaxation enmergy. The relaxation
energy is calculated using a classical treatment of Jost [12]. The
dielectric constant needed for the calculation is obtained from the

experimental results of Heimann et al [13]. (3) For Cs0p and

Cs204, Ep contains only Madelung contribution, and the Madelung
‘ ! energies were calculated using a semi-empirical equation developed by
Broughton and Bagus [14]. The extra-atomic relaxation energies for

| these two compounds were also calculate with the electrostatic equation ]

-

of Jost [12]. The dielectric constants needed were calculated using
Loréhtz-Lorenz formula [15]. (4) Values of the work function were
extracted from the paper by Gregory et al [16]. '
The calculate values are compared to the experimental results in
‘L' T§b1e'2. The agreement is surprisingly good, considering all the approx-
imations involved. The additional support rendered by Table 2 to the
3 interpretations that state 1 being 0‘2. state 2 being 52, and state
4 being 07, is gratifying.
In summary, we have observed four distinct oxygen species in the : y

oxidation of thick Cs films at ~140°K. Three of the four species are 3

Y%y
b

_‘ definitively identified to be -2, 02'2 and 05. In each of these

cases, a clear one-to-one correspendence between the multiplet structures

aa




of the free species and the adsorbed species is found. Such persistance

of the multiplet structure of the free species in a solid state environ-

ment is the resutl of a large fonicity difference between Cs and 0, which
assures a high degree of localization of the valence charges on the ionic
oxygen species under consideration. The multiplet structure in the photo-
emission spectrum of 052 in Cs is identical to that expected for free
052; no differentﬁa] relaxation in orbital energies is observed. In
contrast, significant differential relaxation in orbital energies is
observed for 07 in Cs. This effect is attributed to the close-shell

as opposed to open-shell, configuration of 052. The fourth state of

oxygen was formed with oxygen exposures intermediate to those required

to form 032 and 03, is suggested to be 033 with 1<q<2.




2'
3‘

]2.
13.

14,

15.

16.

REFERENCES

J. W. Babalais, Principles of Ultraviolet Photo-electron Spectro-
scopy, Wiley, New York, 1977, Chaps. 4, 5.

T. N. Rhodin and B. Broden, Surf. Sci. 60, 466 (1976).

P. Hofmann, K. Horn, A. M. Bradshaw, and K. Jacobi, Surf. Sci. 82,
L610 (1979); D. Schmeisser, K. Jacob; and P. M. Kolb, Proc. IVth
Int. Conf. Solid Surfaces and IIIrd Cur. Conf. Surf. Sci.

C. Wijers, M. R. Adriaens, and B. Geuerbacher, Surf. Sci. 80,
317 (1979).

B. Feuerbacher, in Proc. 7th Intern. Conr. and 3rd Intern. Conf.
Solid Surfaces, 1149 (Vienna, 1977).

M. Krauss, D. Neumann, A. C. Wahl, G. Das, and W. Zemke, Phys. Rev.
A7, 69 (1973). -

P. H. Kruperne, J. Phys. Chem. Ref. Data 1, 423 (1972).

Moss and W. A. Goddard III, J. Chem. Phys. 63, 3523 (1975)

V. A. Helms and W. Klemm, Z. Anorg. Allg. Chem. 242, 201 (1939).
C. R. Helms and W. E. Spicer, Phys. Rev. Lett. 31, 1307 (1973).

K. -R. Tsai, P. M. Harris, and E. N. Lassettre, J. Pnys. Chem. 60,
338 (1956).

W. Jost, J. Chem. Phys. 1, 466 (1933).

w..Heimann, E. -L. Hoene, S. Jeric, and E. Kansky, Exp. Tech. Phys.
21, 193-207, 325-341,431-436 (1973).

J. Q. Broughton and P. S. Bagus, J. Electron. Spéctr. Related Phenomena
20, 261 (1980).

N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals,
2nd ed., Chap. 2, pp. 18, Dover, New York, 1964.

P. E. Gregor, P. Chye, H. Sunami, and W. E. Spicer, J. Appl. Phys.
46, 3525 (1975).




R ES G N

Table 1
SUMMARY OF BINDING ENERGIES OF THE MULTIPLETS OF
DIFFERENT OXYGEN STATES OBSERVED IN THE OXIDATION OF Cs

f State Binding Energies
y | Label (eV below Fermi level)

| :

,L 1 2.7, (4.4), (5.4)
] 2 3.3, 6.4, 7.8

! 3 5.5, 8.3, 10.4

4 4,7, 5.8, 8.5, 10.7

Table 2
! COMPARISON OF CALCULATED AND MEASURED BINDING ENERGIES
il OF OXYGEN LEVELS OF VARIOUS OXYGEN SPECIES
;’
- Compound or Csg0 Cs1l03 Csp0  Csp0s4  Csp0q
E ) Cluster in Cs in Cs
. ’ Oxygen 0-2 0-2 02 02 03
Species
E¢q (eV) -6.5 -6.5 <6.5  -1.6 0.56
E¢x (eV) 3.66 2.45 2.64 3.20 4.85
(cafculated)
Eexp (eV) 2.7 2.7 2.7 3.3 4.7

-11- :




1.

Figure Captions

Photoemission spectra of four different states of oxygen in Cs.
Spectra were taken with 30 eV photon energy. Each spectrum is
dominated with features from one state of oxygen and those fea-
tures are marked with vertical bars. Oxygen exposures required

to produce the various states of oxygen increases from bottom to
top. '
Comparison of the multiplet structures of free ions and of oxygen
adsorbed in Cs: 0-2 with state 1 (top), 052 with state 2 (center),
and 03 with state 4 (bottom). The short bars at the top of each
panel indicate the relative energy positions of the photoemission
feafures shown in Fig. 1.- Only energy separations are compared;

in all cases, the energy zero is chosen to be the energy position of
the lTeading oxygen multiplet. Designations of the multiplets are )
indicated on top of each thin vertical bar, and the molecular orbital

origins of each multiplet are also indicated below the bars.
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